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Abstract

We study the equilibrium of hyperelastic solids subjected to kinematic constraints on many small re-
gions, which we call perforations. Such constraints on the displacement u are given in the quite general
form u(x) € F,, where F, is a closed set, and thus comprise confinement conditions, unilateral con-
straints, controlled displacement conditions, etc., both in the bulk and on the boundary of the body. The
regions in which such conditions are active are assumed to be so small that they do not produce an over-
all rigid constraint, but still large enough so as to produce a non-trivial effect on the behaviour of the
body. Mathematically, this is translated in an asymptotic analysis by introducing two small parameters:
g, describing the distance between the elements of the perforation, and d, the size of the element of the
perforation. We find the critical scale at which the effect of the perforation is non-trivial and express it in
terms of a I'-limit in which the constraints are relaxed so that, in their place, a penalization term appears
in the form of an integral of a function ¢(x, ). This function is determined by a blow-up procedure
close to the perforation and depends on the shape of the perforation, the constraint F, and the asymp-
totic behaviour at infinity of the strain energy density 0. We give a concise proof of the mathematical
result and numerical studies for some simple yet meaningful geometries.
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1. Introduction

The title of this work echoes the one of a paper by the first author and the dedicatee of this work
and this Special Issue [1]. In that paper, the behaviour of an elastic thin film with many small cracks
was analyzed, showing a limit behaviour different from the one usually obtained in dimension-reduction
theories, with an additional contribution due to the overall deformation of the cracks. Similarly, here
we consider a problem in which an increasingly complex geometry of the sets in which kinematic con-
strains are imposed leads to a non-trivial additional energy contribution. We have in mind a classical
problem in Mechanics, which consists in determining the deformation of an elastic body under pre-
scribed displacements at its boundary. Weak solutions to this problem can be achieved via minimization
of the strain-energy functional among the admissible displacement fields [2, 3]. This setting can be
enriched upon introducing kinematic constraints on either periodic or locally periodic point subsets of
the reference configuration, which, in line with the existing mathematical literature, are referred to as
perforations.
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a - 2d bulk perforation b - 1d bulk perforation ¢ - boundary perforation

Figure 1: Examples of perforations on a reference set Q ¢ R? and relative constraints. (a) A bulk perforation in the reference
set is subjected to the constraint F, = {v(x)}, such that the function v : # — R? imposes the deformation on the perforation.
In particular, the figure reports the case of an affine deformation. (b) A lower dimensional perforation on the subset I C Q is
constrained to lay on the target set F' (green curve). (c) A boundary perforation on A C dQ is forced on the target set F (green
curve). For all cases, the reference (deformed) configuration is reported on the first (second) row of the figure.

In order to start with a naive example, consider the action of fixing a sheet of wallpaper to a wooden
ceiling with a set of drawing pins. If the pins are few, the sheet can still deform away from them but
senses their presence in their vicinity. If the material is rigid and we use many pins, the sheet will adhere
to the ceiling independently of the size of the pins. If instead we use a sheet made of a less rigid material
(think of a latex sheet) and an array of very small pins sufficiently sparsely distributed, their effect will
be sensed by the material only close to the pins, and the sheet will be able to detach from the ceiling, kept
attached only by small filaments. The overall effect of the pins will be a penalization of the averaged
distance from the zero-displacement state, even though at the pin sites a zero-displacement (Dirichlet)
condition is always satisfied. In the case of extremely small pins, the filaments, even though still present,
carry a negligible amount of energy and the sheet may freely detach. In a variational setting, problems
of this type have been widely considered, in terms of the asymptotic description of the behaviour of
perforated domains subjected to Dirichlet boundary conditions, see [4, 5].

Keeping our naive example in mind, we now want to extend our analysis either to pins that, for
example, allow the wallpaper to move in some directions but not others (unilateral constraints) or loose
pins that allow a certain detachment from the pinning site (confinement constraint). To this end, we
extend the class of amenable constraints by requiring the deformation to belong to a general class of
closed sets parameterized by the sites of the perforation. More explicitly, denoting by y: Q@ — R™ the
deformation of the reference set Q ¢ RY, we study the behaviour of hyperelastic energies subjected to
vector constraints of the form y(x) € F,, where we identify by (the material point) x the sites of the
perforation # in the reference configuration and F, C R™ is a closed set. A first example we have
in mind is that of F, = {v(x)}, in which the function v: £ — R prescribes the deformation at the



perforation, see Fig. 1a. Another relevant example comes from F, = F, where F is a fixed closed set
on which the perforation is constrained, such as S¢~!. In particular, such constraints may be imposed on
a lower-dimensional set I C €, see Fig. 1b. Furthermore, the perforation may lay on a subset A of the
boundary d€Q2 and act in this case as a constraint of ‘loose confinement’ for the hyperelastic body. As
a prototype, we may consider the case of F, = F a target set, as shown in see Fig. 1c, or that of F, a
cone with axis singled out by the normal to 9Q2. Clearly, these figures are only cartoons to give an idea
of a much broader mathematical setting. In Fig. 1c we have the possibility to picture the deformation
essentially as a graph, highlighting the pinning effect of the perforation, which is not easy to picture in
a cartoon, but always present, for a perforation in the bulk.

For the class of vector constraints introduced above, we aim at describing the averaged behaviour
of the minimizers of hyperelastic energies under suitable assumptions on the strain-energy density o :
R4 _ R and on the closed sets F, as later detailed. For this purpose, we assume that the period of the
perforation is characterized by a small parameter £. Moreover, since constraints at points are in general
meaningless, we impose them on small sets, whose size is controlled by introducing a second small
parameter . The overall behaviour of the hyperelastic energy can then be analyzed by first computing
the critical scale of ¢ for which it is not trivial, and then describing the asymptotic behaviour of minimum
problems at this scaling. It is by now common in this setting to express this limit behaviour, using the
terminology of I'-convergence, by computing the I'-limit at this critical scale, which is just a compact
way to express the convergence of minimum values and minimizers (see [6, 7]).

We explore different mechanical scenarios and subdivide our results in the relevant mathematical
statements. However, we anticipate a remarkable feature of the limit functional that is common to all
the treated cases. Besides the classical strain-energy term, the I'-limit governing the averaged behaviour
of the hyperelastic energy is shown to comprise an integral term encoding the effect of the relaxed
constraints on the perforation.

The mathematical setting we introduce significantly extends previous results on hyperelastic bodies
subjected to constraints on perforations. While the goal of our study is to develop such mathematical
setting, we foresee the applicability of our results to a wide range of mechanical contexts. For instance,
they may be exploited to study the equilibrium configuration of membranes and tensile structures sup-
ported by perforations located at the boundary, in the interior, or both. This is a context that we explore
through numerical simulations on simple test cases for illustrative purposes. Another field of application
may be that concerning the shape morphing of elastic bodies from an internal or external control [8, 9],
encoded by the specific constraints imposed on the perforation or that regarding the clothing of surfaces
by elastic, micro-architected membranes [10, 11].

The manuscript is organized as follows. Section 2 is devoted to the presentation of the mathematical
setting, the working assumptions, and to the mathematical results, which we subdivide in different state-
ments. Section 3 illustrates the applicability of the obtained results through the numerical solution of
prototypical examples, whereas Section 4 closes the manuscript by reporting about future perspectives.

2. Mathematical setting of the problem and main results

In this section we gather the analytical results of the paper. The content is organized so that a reader
not wishing to concentrate on the mathematical statements may directly skip theorems and proofs, as
their mechanical significance is described in the rest of the text.

We start by fixing some miscellaneous notation used in the text. The strictly positive natural numbers
d and m will be the dimension of the reference and target spaces, respectively. They can be arbitrary,
even if we will have the physical situations in mind. The space of real-valued m X d matrices is denoted
by R4 The euclidean norm of a point x € R¥ is denoted by |x|, of a matrix & by [|£]|. A ball of center x
and radius r is denoted by B(x, r). The unit spherical surface in R? is denoted by S?~!. The characteristic



function of a set A ¢ R? is denoted by 14. The symbol ||¢||zs denotes the norm in the corresponding L?
space.

We consider general hyperelastic energies defined on functions u subjected to vector constraints
on either periodic or locally periodic point subsets, which we call ‘perforations’ by coherence with
the existing mathematical literature. In our context it would be more correct to call such point sets
‘pinning sites’ or ‘constraint sites’. Since we are interested in an averaged behaviour of minimizers of
such energies, we suppose that the period of the perforation is parameterized by a small parameter &.
Moreover, since point values of the function u are in general meaningless, such constraints must indeed
be imposed on small sets, whose size is parameterized by introducing a second small parameter ¢. In
analytical terms we will consider, given Q an open set in R? acting as a reference configuration for u, a

fixed hyperelastic energy
/ o(Vu)dx,
Q

with domain, depending on & and ¢, the set of functions satisfying a condition u(x) € F, for x € K,
where K, s is a e-periodic array of sets of size ¢ (specified further on) and F is an x-dependent closed
set.

The overall behaviour of minimum problems involving such energies can then be analyzed by first
computing the critical scaling 6 = (&) for which this behaviour is not trivial as £ and ¢ tend to 0, and
then, using the terminology of I'-convergence, by computing the I'-limit at this critical scale. We recall
that I'-convergence is simply a compact way to express the fact that minimum problems depending on
small parameters converge (in the sense that minimum values and minimizers convergence) to the cor-
responding problem for the I'-limit. Moreover, by the topological nature of its definition, ['-convergence
is stable by addition of continuous perturbations, so that in our case it automatically implies the conver-
gence also of problems with forcing terms. Finally, for our functionals I'-convergence is also compatible
with the addition of boundary conditions. These two properties are very handful since they imply that
the computation of one single I'-limit allows the description of a whole family of problems with arbitrary
forcing terms and boundary conditions (see [6]).

In the case when (u is a scalar and) the constraint on the perforations is simply u = 0, that is, F, is
the set {0} independently of x, the just described limit problem is classical and regards the behaviour of
perforated domains subjected to Dirichlet boundary conditions on a diffuse set (of vanishing measure).
The prototypical case is when (&) = ||¢]|> in dimension d = 3, for which § = £ and the limit is

/ IVul?dx + C / u)>dx,
Q Q

with C an explicit constant depending on the details of the perforation (see [4, 5]; for an approach in the
non-convex vector case we refer to [12]). The additional term describes the limit effect of the diffuse
Dirichlet condition. The scale § = &’ is critical in the sense that if 6 << & then the effect of the
perforation vanishes as € — 0 and in the limit we only obtain the first integral (that is, C = 0 in the
expression above), while if § >> £ then the effect of the perforation becomes very strong as £ — 0, and
the only function with finite limit energy is # = O (that is, in a sense C = +oo in the expression above).
For energies describing the behaviour of elastic bodies, more general constraints than a simple fixed
Dirichlet condition can be of interest. In this paper we study energies defined on vector functions u and
subjected to general constraints u € F. In this notation, x is a parameter for the sites of the perforation,
and F, ¢ R™ is a closed set. As a model case we have in mind either that ¥, = {v(x)}, where v is
a function describing the deformation of the perforation, or F, = F, a fixed closed set such as Se-1
which imposes some constraint on the displacement u(x) at the perforation. Furthermore, we may also
consider perforation lying at the boundary of €, which act as a ‘loose confinement’ constraint. In this



case, we may take as prototypes F, = F, where F is a target set, or F, a cone with axis the direction of
the inner normal to Q. We now describe more analytically our assumptions.

The energy density. We assume that o: R™¢ — R is a general hyperelastic energy density satisfying
the following assumptions:

1. o is quasiconvex;
2. there exists p € (0, d) such that o has p-growth; that is, there exist ¢y, c, > 0 such that

1
QMW—;ISMQSCAI+MW) for all & € R™,

3. there exists the recession function of o; that is, there exists oo: R™“ — R ! and the limit

lim (tf) oo(¢) forall & e R4,

f—00

We will assume a quantitative version of Condition 3; namely, that there exists @ > 5 and a constant
C > 0 such that
o (t6)

tP

C
ﬂmﬂs;a+mm. @.1)

This is a mild technical condition satisfied by all reasonable energy densities admitting a recession
function.

We note that the assumption that o is quasiconvex can be dropped, up to a preliminary relaxation
argument, in which the integrands are replaced by their quasiconvex envelopes (see [13, 14]). Note
moreover that the function o is positively homogeneous of degree p by definition; that is, og(t£) =
tPoo(€) if t > 0. The existence of such a o holds for sequences of diverging ¢; the assumption that is
independent of the subsequence is a uniformity assumption on the p-homogeneous behaviour for large
values of |£|. In particular o9 = o if o is positively homogeneous of degree p.

Perforations. We consider a reference perforation shape K, which we assume to be a closed set. In this
paper K is either a regular closed set (that is, it is the closure of its interior), or a regular closed subset
of a sufficiently smooth hypersurface. The perforation set, or simply perforation, will be obtained as a
union of scaled copied of K, or small deformations of scaled copied of K, which will be specified in the
different results.

Constraints. We introduce an x-parameterized family of constraint sets F,. The constraints on a
function u at scale & will be expressed in terms of an inclusion u(z) € Fy, ;) for z in the perforation.
The value x.(z) will be constant on each element of the perforation, so that this condition expresses the
same constraint for the displacement on each element of the perforation. Even though at fixed & only a
discrete family of sets F, is taken into account, we find it convenient to define F, for all x rather than
introducing e-dependent constraints for an easier description of the asymptotic behaviour.

In order to have a limit behaviour as ¢ tends to O we make some assumptions on the constraint set
Fy. We assume that the set function x — F, € P(R™) is such that the following conditions hold:

1. the set F, is closed for all x € ﬁ;

'Compatible with the o, notation used in the following.



2. there exist M > 0 and a Lipschitz function s: Q — R™ such that s(x) € F, N B0, M) for all
x € Q. Furthermore, there exists C such that for all j > 2M there exists a C-Lipschitz function g
such that y;j(x, u) = u for |u| < j, j(x,u) = s(x) for [u| > 2j, j(x,u) € F for every w € F,, with
s as above;

3. there exist a family of bi-Lipschitz diffeomorphisms (®y, v,)x,x, such that @, ,,(F,) = Fy,,
®,  =1id, and:

i) for all L > 0 there exists Cy > 0 such that |®,, ., () — u| < Cr|x; — x| for |u| < L;

ii) there exists C > 0 such that |[V®,, ,, — I|[z~ < Clx1 — x3|.

Condition 1 is necessary in order that the constraint # € F, on the perforation be closed. Condition 2
implies some kind of connectedness at infinity for F, uniformly in x, and is trivially satisfied if F, are
contained in a common compact set. Finally Condition 3 is a regularity assumption on x — Fy, and is
trivially satisfied if F is independent of x.

Functional setting. By the highly inhomogeneous nature of our problems, we will use topologies that
allow for increasingly oscillating functions. Our functional setting will be then the vector Sobolev space
WhP(Q; R™) equipped with its weak topology. Since all our energies will be equi-coercive, we can
equivalently equip this space with the strong convergence in LP(; R™). Note that embedding theorems
give that functions in W'(Q; R™) are continuous if p > d, which explains why constraints give a trivial
effect in that case. For example, a homogeneous Dirichlet condition will be only satisfied in the limit
by the function identically 0. The critical case p = d can also be treated but at the expense of a heavier
notation and longer proofs (see the observations at the end of this section).

We subdivide our result in different cases depending on the geometry and location of the perforation.
In the first one, we consider the case of periodically distributed perforations in the interior of Q, giving
a limit bulk contribution. By modifying this case we will then obtain different statements for locally
periodic perforations and for perforations located on the boundary of Q.

We first consider functions u: Q@ — R™, with constraints given on a perforation composed of an
e-periodic array of closed sets. As a first prototypical case, we can think of d = 2, m = 3 and F,,
independent of x, a cone, describing a membrane subjected to a unilateral constraint. We can take for
example F, = {z € R3,z3 > 0}, in which displacements below the plane {z3 = 0} are forbidden in the
perforation, or F, = {w(x)} + F, where we penalize functions such that u(x) — w(x) does not lay in the
set F. As a second example we may take m = 3 and d = 2 or 3 with constraints u(x) = w(x) on x in a
regular d-dimensional lattice of R¢. The function w may be thought of as a control variable, modeling a
control device internal to the reference set Q. The constraint is relaxed to a bulk integral of the form

/ @(x, u(x)) dx;
Q

that is, for £ and 6 small the functions # minimizing the energy with such constraints, subjected to given
boundary and/or forcing conditions, will be close to minimizers of

/ o(Vu)dx + / ©(x, u(x)) dx,
Q Q

subjected to the same boundary and/or forcing conditions. The function ¢(x, z) is characterized by a
minimum problem obtained by blow-up at the perforation site, which we may assume to be parameter-
ized by x, with z acting as a boundary datum. For a function u with value u(x) = z at a given point x and



for a sequence u, converging to u the condition u.(x) = z is in general in contrast with the constraint
that u; € F, on the element of the perforation parameterized by x. Nevertheless it is not restrictive to
suppose that the equality u. = z is (approximately) satisfied close to the perforation. Hence, this last
condition is interpreted as a boundary condition; that is, we may assume that, given a target function u,
the approximating functions u, at given & satisfy u, = u(x) on a ball of radius 6R (with R large) around
the corresponding element of the perforation. After scaling the perforation in order to parameterize its
effect on the fixed reference set K, this boundary condition is given on some large ball Bg. Hence,
minimizing on all function with this given boundary condition, we define ¢, r as

@sr(x,u) ;= inf {/ 0:(Vv)dz, wherev —u € Wé’p(B(O, R:;R™),v(z)e F,ifz € K}, (2.2)
B(O,R)

d d
where 0.(¢) = gtr o(e #r¢). The asymptotic effect of the perforation will be described by letting
€ — 0 and letting R diverge. Recalling that under our assumptions o tend to o as € tends to 0, in order
to describe this effect we set

¢(x,u) = inf {/ oo(Vv)dz, wherev —u € Wl’p(Rd;R’”), v(z) € Fyifz € K}. (2.3)
R4

Ifm=1,u = 1and F, = {0} then this number is a classical quantity called the p-capacity of the set
K. Formula (2.3) is a vector generalization, giving a sort of p-capacity of the set K with respect to the
constraint F',. Note that o(x,u) = 0if u € F, and u — ¢(x, u) grows as a power p of the distance from
F; o(x, ) can therefore be thought as a p-distance from the set F .

We next provide two examples concerning the characterization of the function ¢. As a first example,
we consider the case of F, = {w(x)} with w a smooth function; that is, at given &, we fix the value of
u on the perforation to be a function w, which we can interpret as describing the deformation of the
perforation determined by a controlling device internal to the elastic body. In this case ¢ = @o(u(x) —
w(x)), where

@o(u) := inf {/ oo(Vv)dz, where v € W'P(RYGR™), v(z) = uifz € K} ;
Q

that is, recalling that o is positively homogeneous of degree p, the new term penalizes a kind of p-th
power of the distance of u from w.

In the second example, we confine the perforation to a fixed set, independent of x; that is, Fy = F
independent of x and o¢(¢) = l€]1>. In this case @(u) = cdistz(u, F). In particular if F = S9! then
o(u) = c(lul — 1)2. Note that, in this case, we obtain in the limit a Ginzburg-Landau functional as a limit
of Dirichlet energies with constraints on perforations. If d = 2 then the power p = 2 does not satisfy the
hypotheses of our theorem below, which nevertheless can be proved under an exponential scaling for
the perforation.

The following result is the prototype on which the following ones are modelled. The reason why
the size of the perforation is §, = £¥/9~7 is that, following the scaling procedure described above, in this
regime the minimal energy of each perforation at a point x is e¢(x, u(x)). Since the perforations are dis-
tributed on a cubic lattice of size &, the summation of these terms produces the integral f o P(x, u(x)) dx.
Again we note that the statement as a theorem concerning the computation of a I'-limit is a useful
shorthand to express the fact that problems involving energies ¥ in (2.4) with given forcing terms and
boundary conditions converge to the corresponding problems for ¥ in (2.5). The only care, as boundary
conditions are concerned is that they should not be in contrast with the constraint on the perforation.
This technical point is achieved either if the boundary values are compatible with the constraints, or, for
example, if elements of the perforation at scale of order & from the boundary are ignored, a condition
which does not change the claim of the theorem.



Theorem 2.1 (Limit analysis for periodic bulk perforations). Let o and x — F, satisfy the assumptions
stated in the previous paragraphs, let 1 < p < d, and let 6, = /477 If we set xi =egiforallie 74 such
that x7 + 6.K C €2, and let

/ o(Vu)dx if u(x) € Fy forall i and x € x7 + 6K,
Fe(w) = 1Ja :

24
+00 otherwise,
for u € W'P(Q; R™); then the I'-limit of 7, as & — 0 in the L” and weak W' topologies is
F(u) = / o(Vu)dx + / o(x, u(x)) dx, (2.5)
Q Q

with ¢ in (2.3), with domain WP(Q; R™).

This result and the following are stated in terms of the displacement u, but can equivalently stated
for energies and constraints y(x) € F, formulated in terms of the deformation y. More precisely, keeping
the same notation for the constraint, we can consider energies defined by

/ a(Vy)dx if y(x) € F= for all i and x € x7 + 6K,
gs()]) = Q !
+o0 otherwise,

for y e WhP(Q; R™), and prove that the I'-limit of G, as € — 0O is
60) = [ oTndr+ [ gt
o) Q

with domain W2 (Q; R™).
Indeed, replacing u(x) = y(x) — x in G., we can define

~ / o(Vu — id)dx ifu(x) € Fye — xforall i and x € x{ + 6K,
Fe(w) =1Ja ’
+o0 otherwise,

whose I['-limit is proven, with a small-perturbation argument, to be the same as that of

/ o(Vu — id)dx ifu(x) € Fye — x7 forall i and x € x7 + 6K,
Few) =1{Ja :
+00 otherwise,

which is in the form required to apply Theorem 2.1. Noting that the recession function of & — o (£ — id)
is the same as that of o, defining ¢ as in (2.3), Theorem 2.1 gives the I'-limit corresponding to the
constraints F, — x; that is,

F(u) = / o(Vu — id)dx + / e(x, u(x) — x)dx = G(y),
Q Q

and the claim.

We give a proof of Theorem 2.1. As usual, the computation of the I'-limit is split into a lower
bound, giving an ansatz-free estimate on the energy of an arbitrary sequence converging to u#, and an
upper bound, which amounts to the construction of a recovery sequence along which the lower bound is
matched (up to an arbitrarily small error) (see [6]). The construction of the recovery sequence is linked
in our case to the definition of the term ¢, and is obtained by taking, loosely speaking, scaled optimal
functions for the problem defining ¢(x, u(x)) close to the perforation, and the function u(x) far from the
perforation.



Proof of Theorem 2.1. We only give the main steps of the proof, confining the technicalities to some
results in dedicated lemmas reported in Appendix A.

Lower bound. Let u. be an arbitrary sequence converging to u in WP(Q, R™) and let u,, be a
subsequence realizing liminf,_,o F.(u.). With fixed n > 0, by Lemma A.1 there exist v, converging
weakly to some v in Whe(Q, R™), |oal < R,

lo = ullyrr = 0p(D), (2.6)
and
llilm inf ¥, (vp) < lim i(l)’lf Felug) + 0,(1) 2.7
—+00 £

as 7 — 0. Moreover, by Lemma A.2, with fixed N > 1 we can assume that vy, is constant on spherical
surfaces S j” containing the perforation (see the statement of the lemma for a precise definition, choosing
pe as inA.3) indexed by j € {1,..., N}, up to replacing (2.6) with [[v — ully1, = 0, n(1) and (2.7) with
l}gligfﬂh(vh) < liran_)igf Fe(ug) + opn(1)asn — 0and N — +oo.

Let now wj, be defined by extending vy, as the corresponding constant in the balls whose boundaries
are the spherical surfaces S jh. Note that wy, still converge to v. Setting R, = p z and ©n(x, 2) = @gR,, (X, 2)
as in (A.1) we can now estimate

h—+00

hm 1nf Fe,(vp) > lim 1nf/ o(Vuy)dx + Z / o(Vuy)dx
Q\U B 7 th

h—+00

>/Q(J'(Vv)dx+11r1)1i1010f/Q ahp‘%(z Ilgh(ﬁ( 11y shj,ZIlgh(j+ - ,)d)v )
J

>/QO'(VU)dX+1IIZIEi£IOf/ (Z ]leh(ﬂ(_%’% d)shj,z lgh(j+(_ )d)U )dx (2.8)
J J

> liminf | o(Vwy)dx + liminf § el e (10, (€1, 0
Q h—+o0 L= &2~ h 5 J
J

Now, by LemmaA.2 we know that };; ]lgh( jran )d)bjh converges in LP(€2; R™) to v, and by LemmaA.4
©n converges to ¢ uniformly on Q x B(0, L). In particular, this gives

. . —&p _
hlilfw soh( Z Jlgh( (=L 1)) RS Z Lo, (=L 1y )dx = /Q @(x, v(x)) dx. (2.9)
J J

Q
Following on from (2.8) and applying (2.9) we conclude
lim i(I)lf Felug) > llilm inf F, (vp) — opn(1) = F (V) — oy n(1).
£ —+00

By letting 77 to 0 and N to +o0, we finally deduce that 7 (1) < lim iélf Felug).
£

Upper bound. Let u € WHP(Q; R™) to be approximated. Without loss of generality, we may assume
that u is bounded, say |u| < L. With fixed N > 1, we can apply LemmaA.2 applied to u, = u for all &
and p. as in LemmaA.3, obtaining a sequence (v.).~o constant on the boundary of some balls Bij close
to the perforation.

‘We now modify the sequence v, in the balls BSJ in order to produce the required recovery sequence.
Let n > 0; by LemmaA.4 there exists & small enough such that [ R (x, up) — @(x, up)| < nforlug| < L



and 0 < & < gy, with Ré = 2—21'5(]')—1% fori=1,...,N.Letnowe < ggand j € 74 be such that Bf/. € Q.

Let ¢ "9] be a valid competitor for (2.2) such that
/ (VL) 2 < g (67 +
B(O,RY)

Finally, for € < gy, define
& (6:(x — &) if x € BY
Us(x) = -
vg(x) otherwhise.

We conclude by proving that u, is a recovery sequence. It holds

lim sup / o(Vug) < lim sup / o (Vug)dz + lim sup Z / o(Vug)dz
Q 3 3
J sJ

e—0 e—0

e—0

= / (Vi) dz + limsup &4 > / oo(VEH) dz
Q 7/ BORY

where the last equality comes from the equi-integrability of |Vuv.|P. Now

&—0

lim sup & Z O'S(Vgé’j) dz < lim sup (sd Z ¢, gi (€], 05) + 0l + B(O, g)l)
— JBO.R) £0 ; Bl

-0

. . -£
< lim sup /Q t,o(zj: :H.g(j_'_(_%’%)d)é‘], Z]: Ils(ﬂ(_%’%)d)vj)dz
+217|Q + B(0, &)|.
By recalling (2.9) we conclude that lim sup F(u:) < ¥ (1) + Cn. By sending n — 0 we conclude. [

-0
An interesting variation on the previous result is obtained when perforations are not distributed
uniformly but have a local limit density described by a (bounded) function p. In this case, the relaxed
constraint takes the form

/ @(x, u(x)) p(x) dx,
Q

We state a version of this result obtained by deforming the reference lattice on which the perforation is
parameterized. This deformation is obtained by introducing a possible local variation of the oscillations
and orientation described by a smooth diffeomorphism. In this case the density p is given in terms
of the Jacobian determinant of the transformation. We note that we could treat distributions of the
perforations with much less regularity, and also random distributions, upon requiring that perforations
cannot accumulate or be too sparse. For simplicity of notation, we limit to considering perforations that
can be parameterized on cubic lattices, since a precise statement in the general case would need some
technicalities.

Theorem 2.2 (Limit analysis for locally periodic bulk perforations). Let ¥: R — R be a smooth
diffeomorphism and set
K =¥(x)) + 0K

for all i € Z¢ such that K? c Q, (that is, we center the elements of the perforation in the set obtained
as the image of a cubic lattice by ¥). Let the assumptions on f and x — Fy be as in Theorem 2.1, let

l<p<d,leté, = sﬁ,and let

/ o(Vu)dx if u(z) € Fye) forall iand z € K7,
Fe(u) =1/a :

+00 otherwise.
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Then the I'-limit of F; as & — 0 in the L” and weak W' topologies is
F(u) := / o(Vu)dx + / o(x, u(x)) p(x) dx,
Q Q

with domain W'P(Q; R™), where p(x) = [det(VP(¥~!(x)))| L.

Proof of Theorem 2.2. The proof of Theorem 2.2 is obtained following the one of Theorem 2.1 by not-
ing that after a change of variables the term |det(V¥(¥~!(x)))|"! is (approximately) a prefactor of the
contribution of the single perforation at x. The construction of a recovery sequence is the same, upon
noting that p(x) so defined is the asymptotic density of perforations at x. O

Note that the hypotheses on the lattice can be localized by assuming that there exist disjoint open
subsets €2; of Q such that |Q\ [ J;Q;] = 0, and ¥;: RY — R4 smooth diffeomorphisms such that
Z:NQ; =Y¥(eZ%) N Q;. The statement of the claim is the same with ¥ = ¥; on Q;.

We now take into account cases when the constraint can also be imposed on a lower-dimensional
(possibly deformed) set. This situation models for example control devices on low-dimensional man-
ifolds. We only state the case of a (d — 1)-dimensional set, parameterized by a smooth hypersurface
X~ c Q along which the sites of the perforation are approximately a (d — 1)-dimensional cubic lattice of
spacing . In this case, the size of the perforation is §, = £“@~1/(@=P) With this change in the exponent,
the energy of a perforation at a point x for an optimal approximation is £?~!¢(x, u(x)). The sum of these
terms produces a (d — 1)-dimensional integral on X, and the relaxed constraint takes the form

/ @(x, u(x)) p(x) dH,
>

where H? ! is the (d — 1)-dimensional Hausdorff measure (for a smooth surface, coinciding with the
usual surface measure). Again, p(x) can be interpreted as a (d — 1)-dimensional density of perforations
at x.

Theorem 2.3 (Limit analysis for perforations along an internal hypersurface). Let 6, = 8%, let w be
an open bounded set in R4 1 andlet ¥: w — Q be a smooth diffeomorphism between w and W(w). Set

K? = ¥(ei) + 6:K,
for all i € Z4~" such that K¥ c Q, and let
/ o(Vu)dx if u(z) € Fye) forall iand z € K7,
Feu) = 1J/a :
+00 otherwise.
Then the T'-limit of 7, as & — 0 in the L” and weak W' topologies is
F(u) = / o(Vu)dx + / o(x, u(x))p(x) dH !,
Q Y(w)
with domain W'?(Q; R™), where p(x) = |[det(VP(¥~'(x)))|"!.The function u on ¥(w) is meant in the

sense of traces.

Proof of Theorem 2.3. The proof follows the ones of the previous two theorems, the only change being
the observation that, as noted above, the scaling produces that each element of the perforation can be
considered as a part of an approximation of a surface integral. The construction of the recovery sequence
is the same as before. O

11



Note that a particular case is when we take as w a parameterization of a planar section of 2, which,
up to a change in coordinates, we can suppose to be {x; = 0} N Q. After identifying {x; = 0} with R¢"!
and taking ‘¥’ the identity, the perforation is simply K7 = &i + 6K, and the I'-limit can be written as

F(u) = / o(Vu)dx + / o(x, u(x)) dx,
o {(xs=0}NQ

where the last integral is performed with respect to the Lebesgue measure in R4,

Finally, an interesting variant is when the constraint may be imposed on the boundary of Q (or part
of it), for which the relaxed term is

/ 2(x, u(x)) dH".
0Q

The difference with the perforation in the bulk, is that perforations on the boundary only take into
account the deformation in the interior, and hence, assuming the boundary smooth, the scaling analysis
leading to ¢ must be modified, obtaining a different energy density.

We can think of such constraints as loose confinement conditions imposing for example that the
points on the boundary may only lay in the interior of a given set. We note that the computations
for the function ¢ differ from those of the aforementioned ¢ in that conditions on the boundary of Q
approximately only take into account the half-space delimited by the tangent plane.

In the following results, values of functions on points in d€2 are understood in the sense of traces.
We consider two cases: (a) bulk perforations centered in points on the boundary and (b) perforations as
subsets of the boundary. The form of ¢ is different in the two cases (see (2.10) and (2.11), respectively).

Theorem 2.4 (Limit analysis for perforations along the boundary). Let A; be relatively disjoint open
subsets of 0Q and w; open subsets of R such that there exist smooth onto diffeomorphisms ¥ jtwj—
Aj. Let 8 = £@"D/@=P) and set either

(a) K;i =¥ ;(ei) + 0,B1 N Q (bulk perforations centered on the boundary), or

(b) Kii = W¥;(ei + 6.By) (perforations on the boundary).
Let

o(Vu)dx if u(z) € Fy ) foralli, jand z € K%,
Fo) = /Q (Vu) (2) € Fux) Jjand z € KF,

+00 otherwise.

Then the T-limit of 7, as &€ — 0 in the L” and weak W' topologies is with ¥ (u) given by
F(u) = / o(Vu)dx + Z / 2(x, u(x)) p(x) dH,
Q T A
with domain W'P(Q; R™), where p(x) = |det(V‘I’.,-(‘I’jTl (x)))|~". In case (a), @ is defined by
B(x, 1) = inf{ /]R 0o(S Vu@)z v —u € WIP(RLR™), v e Foon By N {xg > 0}}, (2.10)

where Rff ={xeR?: x; >0} and S, is a rotation carrying the outer normal v(x) to Q in x to the vector
©,...,0,-1), while ¢ is defined by

o(x,u) = inf{ /d oo(SxVou(z)dz:v—ue€ Wl’p(R‘i;Rm), veF,onBiNi{x;= 0}} (2.11)
R+
in case (b).
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Note that if o is a convex, reflection-invariant function then ¢(x, z) satisfies
_ 1 1. 1 d. pm
o(x,u) = §<p(x, u) = 3 1nf{ oo(Vu()dz:v—ue WPR*R™),ve F,on Bl}
Rd

in case (a) and analogously in case (b).

Proof of Theorem 2.4. The proof differs from the one of the previous theorem in that the blow-up argu-
ment close to the boundary produces limit minimum problem defined on half-spaces. 0

As examples of relevant constraints on the boundary we can consider conditions related to the nor-
mal direction. For instance, F, = {tv, : t > 0} where v, is the outward normal to dQ. This is a sort of
infinitesimal constraint, allowing energy-free displacement only in the normal direction to 2. Another
example is that in which F is the cone {z € RY : (vy,z) > klz]}. In particular, for « = 0 this allows for
energy-free displacements if they are not towards €. In both cases, F', are cones and, if o(¢) = ||&||P,
then the term dist”(z, F) in ¢ can be interpreted as a power of the norm of the projection on the dual
cone.

The critical case p = d. The case p = d cannot directly be treated as when p < d. The reason is that
capacitary problems for positively d-homogeneous functions are invariant by scaling. As a consequence,
the scaling parameter 6 = £%/97 is meaningless and cannot be used. At this scale the perforation size
does not scale as a power of the period, but is exponentially small, and we have to take § = e~/ sHeh.
In accord with the case when F, = {0} (homogeneous Dirichlet conditions), which has been treated in
[15], in Theorem 2.1 the corresponding ¢ = k' ~¢¢; is described by the asymptotic formula

@i(x,u) = lim |1ogT|d-1min{/
T—+c0

oo(Vu(2))dz : v — u € Wy"(B(0,T); R™), v € Fy on B0, 1)}.
B(0,T)

Note that the form of ¢ does not depend on K, but it depends on the exponential decay through the factor
«'=?. As in the case of Dirichlet conditions we have a discontinuous dependence of ¢ on p at the critical
scaling, which suggests a fine dependence of the perforation on p close to d at small but finite £ in the
spirit of expansions by I'-convergence [16, 17].

3. Numerical examples

In this section, we illustrate the application of the mathematical results detailed above through nu-
merical simulations. We focus on problems such that the reference configuration Q is a subset of R?
that is mapped by the deformation to either R? or R3. This context is of particular relevance for elastic
membranes subjected to perforations at the boundary or in the interior. Specifically, we take the square
domain (0, ¢) X (0, ¢) of side length ¢ as the reference set and we assume that the hyperelastic energy
density is of the form o(£) = [|£]|?, with p € (1,2). We next consider distinct boundary-value problems
as follows:

1. The reference set Q is subjected to null displacement on {0} x (0, £) and to the boundary constraint
(lxl ) {(z1,22) : 71 = x1c — x1} on the perforation A1 = {£} X (0, {), see Fig. 2a. Specifically,

the perforation is constrained on the vertical line passing through x| = xj . and

o((x1,x2), (21,22)) = clz1 + x1 = x1.¢/7,

according to Theorem 2.4.
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Figure 2: Numerical results for the case of a square domain Q = (0, £) X (0, {) of side length ¢ subjected to Dirichlet boundary
conditions on {0} X (0, £) and to the constraint F! ={(z1,22) : 271 = X1 — x1} at the perforation A; = {¢} X (0, {). (a) Sketch

(xp.xp)

of the boundary-value problem. (b) Deformed configurations for perforations with & = {¢/2,€/4,£/8,¢/16} and for the limit
functional. The colorbar reports the norm of the displacement field. For all the results, p = 3/2, { = 1, and x;. = 6/5.

2. The reference set Q2 is subjected to the boundary constraint F (le’xz) ={(z1,22) : (z1 + x1 — xl,c)2 +
(22 + X2 — x2)* = R?} on the perforations A; = {¢} x (0, ¢), Ay = (0,¢) X {¢}, A3 = {0} x (0, ),
and A4 = (0,¢) x {0}, see Fig. 3a. Hence, the perforations are constrained on the circle of center
(x1,¢,X2¢) and of radius R, so that

_ p
((x1,x2), (z1,22)) = ¢ | \/(Zl +x1 = X10)% + (22 + X2 — x20)* — R,
according to Theorem 2.4.

3. The reference set €2 is subjected to null displacement on (0, £) X {0} and on (0, £) X {¢}, and to the
constraint F gx1 oy =@ 22,33) 1 (2420 - x2.2)> +(23)* = R?} on the one-dimensional perforations
I = {€/10} x (£/10,9¢/10), I, = {€/2} x (£/10,9€/10), and I3 = {9¢/10} X (£/10,9£€/10) in the
interior of Q, see Fig. 4a. Thus, the perforations are constrained on the cylinder of radius R and

axis the line x, = xp,, so that

p
@((x1, x2), (21,22,23)) = € | \/(Zz +x2 = x22)* +(23)* - R ,
according to Theorem 2.3.

4. The reference set Q is subjected to null displacement on {0} X (0, £) and to the boundary constraint
F* ={(z1,22) : 22 + X2 + 71 + x1 — 3£/2 > 0} on the perforation A| = {£} x (0, £), see Fig. 5a.

(x1,%2)
Specifically, the perforation is unilaterally constrained to the right of the line x, + x; — 3£/2 = 0,
so that denoting by H the unit step function
P((x1.%2), 21.22) = cHGL — 20— x2 — 21 = x1) |2 + 22 + 21 + 21 = 347275,

according to Theorem 2.4.
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Figure 3: Numerical results for the case of a square domain Q = (0,¢) x 0, ¢) of side length ¢ subjected to the constraint
F? = {(z1,22) : (@1 + X — x1.0)* + (22 + X2 — x2.)> = R?} at the perforations A, = {€} x (0,£), Ay = (0,6) X {£}, A3 =

(1)

{0} x (0,¢), and Ay = {0} x (0,¢). (a) Sketch of the boundary-value problem. (b) Deformed configurations for perforations
with & = {€/2,€/4,£/8,€/16} and for the limit functional. The colorbar reports the norm of the displacement field. For all the
results, p =3/2,{ =1, x1. = xp. =1/2,and R = 1.

We remark that, for the boundary-value problems outlined above, the densities ¢ and @ appearing in
the limit functional measure the distance of the perforations from the target sets.

In the following, we assume the scaling J; = £77 and compare the numerical results obtained
for perforations of finite size with those corresponding to the I'-limit. For the case of perforations
characterized by finite size, the weak formulation of the governing equations is achieved by computing
the functional derivative of the Lagrangian consisting in the hyperelastic strain energy augmented by the
constraints imposed on the perforations. Likewise, solutions to the respective limit cases are achieved
through the weak formulation of the functionals presented in Section 2.

In both cases, numerical solutions to the boundary-value problems are computed through the finite
element discretization of the governing equations. For this purpose, we exploit the functionalities of the
software COMSOL Multiphysics 6.1. In particular, we discretize the displacement field by means of a
suitable mesh of order-one Lagrange elements and seek numerical solutions via the Newton’s solver.

In passing, we remark that an explicit formula for the p-capacity, c, appearing in the limit functional
is not available for the case of boundary perforations in the form of segments of length ¢. Thus, its
value has been numerically computed by independent finite element simulations, obtaining ¢ ~ 1.602
for the value of p = 3/2. As later recalled, this is the choice for the numerical simulations concerning
the first, the second, and the fourth problem. On the contrary, ¢ = 7[2(2 — p)/(p — 1)]P~! for the case
of perforations in the interior of the reference set in the form of balls of diameter ¢, the form relevant to
the third problem, see for instance [18].

The numerical results for the first boundary-value problem are summarized in Fig. 2 as obtained
for p = 3/2,¢ =1, and x; = 6/5. Specifically, the problem is sketched in Fig. 2a, whereas Fig. 2b
reports about the solutions obtained for ¢ = {1/2,1/4,1/8,1/16} and for & — 0. We observe that,
as ¢ decreases, the displacement field progressively approaches the I'-limit, modulo on the discrete
perforations where the constraint is enforced. This behaviour is expected in light of the mathematical
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Figure 4: Numerical results for the case of a square domain Q = (0, £) X 0, {) of side length ¢ subjected to null displacement
on (0,¢) x {0} and on (0,¢) x {£}, and to the constraint F> = {(z1,22,23) : (22 + X2 — X24)* + (z3)> = R?*} on the one-

(x1,%2)

dimensional perforations /; = {€/10} X (£/10,9¢/10), I, = {€/2} X (£/10,9¢/10), and 15 = {9¢/10} x (£/10,9£/10). (a) Sketch
of the boundary-value problem. (b) Deformed configurations for perforations with & = {£/5, €/10,£/15, £/20} and for the limit
functional. The colorbar reports the norm of the displacement field. For all the results, p =4/3,{ =1, x,, = 1/2,and R = 1/2.

result of Theorem 2.4. Note that the I'-limit corresponds to a homogeneous deformation, for the specific
choice of strain energy density, and is such that the right vertical boundary of the reference set does
not match the constraint of F!. This is a characteristic feature of how the limit functional captures the
averaged effect of the constraint on the perforation, as highlighted by the comparison with the numerical
results fore = {1/2,1/4,1/8,1/16}.

We next report in Fig. 3 the numerical results for the second boundary-value problem as obtained for
p=3/2,=1,x1c.=x=1/2,and R = 1. We recall that, in this case, perforations at the boundary
of the reference set are constrained to lay on a circle of radius R and center (xj, x2¢), see Fig. 3a.
As for the previous case, the displacement field approaches the I'-limit as the perforations’ density
increases. This is evident from the deformed shapes reported in Fig. 3b. In this case the deformation is
not homogeneous, but we further remark that in the I'-limit the boundary of the reference set does not
correspond to the constraint of F2, as commented for the previous test case.

Clearly, the two problems discussed above pertain the plane deformation of the reference configu-
ration as due to constraints at its boundary. Hence, we turn our attention to the third boundary-value
problem, such that one-dimensional perforations in the interior of the reference set determine its defor-
mation in space, see Fig. 4. Indeed, we recall that such perforations are constrained to lay on the cylinder
of radius R and axis the line of x, = x . The problem is sketched in Fig. 4a and the relevant numerical
results are shown in Fig. 4b as obtained for p = 4/3, £ = 1, xo, = 1/2, and R = 1/2. Specifically, the
figure shows the results for ¢ = {1/5,1/10,1/15,1/20}, to be compared with the limit case of ¢ — 0.
Also in this case, the I'-limit well captures the effect of perforations of finite size as the parameter &
decreases.

To conclude this section, we consider an interesting variation of the first boundary-value problem to
further highlight the possibility to account for general constraints offered by the presented framework.
In particular, we now assume that the boundary perforation is unilaterally constrained under tension to
the line x, + x; — 3¢/2 = 0, see Fig. 5a. The numerical results for this test case are reported in Fig. 5b
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Figure 5: Numerical results for the case of a square domain Q = (0, £) x (0, £) of side length ¢ subjected to Dirichlet boundary

conditions on {0} X (0, £) and to the constraint F?Xl‘xz) ={(z1,22) : 22+ X2 +2z1 +x1—3€/2 > 0} on the perforation A; = {€}x (0, £).

(a) Sketch of the boundary-value problem. (b) Deformed configurations for perforations with & = {£/2,¢/4,£/8, £/16} and for
the limit functional. The colorbar reports the norm of the displacement field. For all the results, p = 3/2 and £ = 1.

as obtained for ¢ = {1/2,1/4,1/8,1/16} and for p = 3/2 and ¢ = 1. As for the previous cases, the
I'-limit well captures the averaged effect of the perforation as & decreases. To obtain the numerical
results corresponding to the limit functional, the unit step function in the expression for ¢ has been
approximated as H(7) = (1 + tanh(k1))/2, with k = 10,

The result we have presented concern simple test cases and are limited to a specific choice of the
strain energy density. Nevertheless, they provide evidence about the applicability of the proposed ap-
proach to the study of membranes and tensile structures subjected to diffuse constraints and allow to
capture the average effect of such constraints on the equilibrium configuration of those structures.

4. Conclusions and perspectives

In this study, we have explored the behaviour of hyperelastic bodies, with energy function o, sub-
jected to kinematic constraints in many small regions. We have expressed our analysis through the
computation of a I'-limit, highlighting the overall effect of the perforation by the appearance of an ex-
tra integral term of a function ¢(x, u) depending on the p-recession function of o, on the constraint at
x, and on the value of the displacement u. The results that we obtain significantly improve previous
asymptotic analyses, where mainly only a homogeneous Dirichlet condition had been addressed in a
scalar or convex case. The numerical results, even though computed in simple situations, nicely show
the homogenization effect of the perforation and how the I'-limit problem simplifies the computations,
still capturing the limit details of minimizers.

In order to obtain our results, we have required some polynomial growth conditions on o that are
commonly used in asymptotic problems for hyperelastic materials (see e.g. [14, 19]) and that guarantee
a good definition of ¢. It is interesting to note, however, that the integrals appearing in the I'-limit,
both the elastic energy and the integral involving ¢, are well defined and give a lower-semicontinuous
functional, even if we require a polyconvex growth condition (see [20, 14]) and the existence of some p-
recession function for o-. It remains an open problem whether such candidate limit energy is still a good
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Figure 6: The first boundary-value problem is reexamined by assuming the compressible neo-Hookean material model. De-
formed configurations for perforations with & = {£/4,£/6,¢/8}. The colorbar reports the norm of the displacement field. For
all the results,u =A=1and £ = 1.

approximation for this asymptotic problem in the polyconvex case. In this direction, we have performed
a test resembling the first boundary-value problem of Section 3, but now assuming a compressible neo-
Hookean material model. The strain energy density now takes the form

A
o (Vy) = §<||Vy||2 -2~ logJ) + 5 (log /)’.

where J = det(Vy) is assumed to be positive, while p and A are material constants. In this case the
energy does not satisfy a polynomial growth conditions due to the condition of J > 0. However, we can
conjecture that we can proceed as in the case d = p = 2, taking the observations at the end of Section
2 into the account. In support of this, we report in Fig. 6 the results of numerical experiments carried
out for € = {£/4,£/6,£/8} and assuming u = A = 1 for the material constants. In setting the numerical
simulations, we assumed the scaling of . = exp(—«/&®) with x = 1.9.

We finally note that, for what regards the form of the constraints examined in this work, we have
moved from a (relatively) simple condition modelled on # = O or m = 1 and # > 0 to an inclusion
u € F,, with a large freedom on the closed set F,. In order to pass to the limit, we have required some
uniform continuity on the dependence x — F,. We think that this is a technical assumptions, which
can be relaxed in many ways. This will be useful in order to treat cases when the choice of the local
form of F, may vary greatly, or is chosen randomly from a set of constraints, and we have a superposed
homogenization effect.
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A. Appendix: technical results

In this Appendix we gather the technical lemmas used in the convergence theorems, with a short
proof indicating the main new arguments with respect to the known results.

The following result is a ‘truncation lemma’, stating that, up to an arbitrary small error, the energies
of a weakly converging sequence in W' are concentrated on sets where this sequence is equibounded.
A precise statement is obtained by producing an equibounded sequence with almost the same limit and
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almost the same energy. This sequence is obtained from the original one by composition of bounded
Lipschitz functions (note that a simple component-wise truncation may indeed increase the energies).

Lemma A.1. Let 7, be as in Theorem 2.1. Let u, weakly converge to u in Whr(Q; R™). Then for
all » > O there exist R, > 0, a subsequence u, and a sequence v, € WP such that vyl < Ry,
g, — viller = 0,(1) as n — 0, and lirnionf Felug) > I}Iminf Fe,(Vn) — 1.

e —+00

Proof. Let s, yj, M and C be as in Condition 2 in the assumptions on F',. By a mollification argument,
for £ universally small one can produce 2C-Lipschitz functions 1//7 (x, w) such that

=z if wl <,
wj(x, w) <= s(x) if lw| = 2,
€Fy forall iand x € K7, and w € F,

with ||',0‘§ —Yllz= = 0s(1) as € — 0 uniformly in j. The proof follows along the lines of [21, Lemma 3.5]

in order to produce R, > M, a sequence jj such that j, + 2Cj, < R, and a subsequence u,, such that,

setting vy, = ;b‘;h(-, Ug,), we have lim i(l)’lf Felug) = I}Zm inf F,(vi) — . The other results in the statement
PREN — 400

follow from the properties of l//‘;. O

The main tool in the treatment of periodic perforations is the following result. It states that sequences
weakly converging in W!?(Q; R"™) can be modified without changing the limit and, up to introducing an
arbitrarily small error depending on a parameter N, also their energy in such a way that they are constant
on a collection of spherical hypersurfaces around the perforations of radii much larger than ¢ but still
much smaller than &, and chosen in a family of N spherical hypersurfaces. This result has been used
in [12] for treating homogeneous Dirichlet conditions on perforations. It is a useful observation to note
that the construction of the modified sequence does not involve the perforation, so that the lemma can
be used for any constraint.

LemmaA.2. Let u, converge weakly to u in W'P(Q;R") and let p, be such that 0 < p, < & and both
pe = o(e) and glti = 0(pg) hold. Then for all N > 1 there exist functions i,: Z¢ — {1,...,N} and
v, € WHP(Q; R™) such that v, still weakly converges to u,

1
’/QO’S(VME) dx — /QO’S(VUS) dx’ = O(ﬁ)

if C% = Blej,27%Wp,) \ B(ej, 272 Dp,) and §¢ = 0B(sj, 2720 p,), we have ve = ug in Q \
Uj ij and v, = 1')? is constant on each S i . Moreover, the piecewise-constant functions };; 1 s(jH(-1 1 )d)ﬁjf
converge to u in LP(Q; R™). Finally, if also sup, |||z~ = S < +oco then the same holds for v,.

Proof. The lemma is almost the same as [12, Lemma 3.1, Lemma 4.3], with some minor changes in the
notation. Note that the condition £'*7 < pe < € allows to estimate the distance from their average of
the functions u. on the annuli C% after scaling to a reference annulus C; = B(0, i) \ B(0, %). Indeed,
by the scaling properties of the Poincaré inequality, if C, := pCy, with p € (0, 1) then there exists
¢ = ¢(p, d) such that for all u € WP((0, 1)%; R™) it holds

/Iu—uplpdxs id/ IVal? dx,
0 r*Jo

where u, = |C,p|™! Je, udx. O
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In order to understand the relaxation of the constraint in the limit, we study the asymptotic behaviour

of the capacity-type problem (2.2). In the following we assume the relation R, = f)—g to hold, where d,

&

and p, are to be specified. In this case, the problem we are tasked with studying is
@e(x, u) = inf {/ o¢(Vv)dz, wherev —u € W(;’p(B(O, R.);R™,v e Fyon K}, (A.1)
B(O,R:)

to be compared with ¢(x, u) which can then be regarded as a limit problem.

d-a,
LemmaA.3. Assume that (2.1) holds and let 6, = sﬁ. If p. satisfies i < Pe K ST; (which is not

an empty condition), then ¢, converges pointwise to .

d
d

Proof. We start by noting that
pointwise as € — 0.

Lete > 0, x € Q, w € R™ and let v be a minimizer for the problem defining ¢ (x, w) as in (A.1). Let
o denote the extension to the all of R? of v which is constantly w outside of B(0, R,). Then

L;p < 1+ L. We show that for p, as in the statement ¢, converges to ¢

olx,u) = / oo(Vi)dz = / oo(Vv)dz
Rd B(O,R,)

< / O'E(Vv)dz+C8dd*iP / (1 +(IVo[P)dz
B(O,R,) B(O,R:)

da dp da 1
< @e(x,u) + Cet 7 RY(1 + e70c?) + Citr — 0 o(Vo)dz
B(O,R,) C1

= @e(x, 1) + 04(1),

da d
where the last equality follows from the fact that £i-7 RY = g3 "D pd « 1. By taking the lower limit

for £ — 0, it follows that ¢ < lim iélf Pe.
E—

The converse inequality for the upper limit follows from a cut-off argument and a similar energy
estimate. O

The pointwise convergence of ¢, can be improved to local uniform convergence as follows.
LemmaA.4. Let a,p. and é, as above. Then ¢, converges to ¢ uniformly on Q X B(0, L) for all L > 0.

Proof. Recall that by the p-growth condition and the quasiconvexity of o we have
pd-h p—1 p—1
los(A) — oo(B)| < C( 7 +[|AIP™" + |BII"™") 1A - B (A2)

see [14]. Letv € W'"(B(0,R,); R™) and let ¥: R™ — R™ a bi-Lipschitz map. After some computations
(A.2) yields

/ o(Vv)dz — / 0s(V(¥ o v))dz
B(O.R) B(O.R,)

1

(p=1)

p d(p-1) 1
<Ce TR, 7 VLIV - 1||Loo( / ||Vv||sz)”
B(O,R;)

+ VI + DIVY - I||L°°/ IVollPdz. (A.3)
B(O,R;)

With fixed 0 < n < 1, L > 1 and x, let u;,uy € B(0, L) be such that dist(uy, Fy), dist(uy, Fy) > n.
Then there exists ¥: R”™ — R™ bi-Lipschitz such that W(F,) = Fy, Y(u2) = u; and |[V¥ — ||~ <

20



%Iul — up|. Applying (A.3) with v a minimizer for (A.1) for u#; and then exchanging the roles of u; and

up, we get
L2p+2
e, ) = (3,0 < € + 00 = ol (A4)

Given x1, x2, we can test (A.3) on a minimizer v for problem (A.1) and ¥ = @y, ,,. In this case we get
@e(x2, Dy, 1, () < @olx1, 1) + C(LP*? + 05(1))]x1 — x2].

If x1,x2 are close enough (so that for instance || Dy, v, — ||, [| Py, x, — id|| < % on B(0, L)) then this
inequality can be coupled with (A.4) and yield

le(x1, u1) — @e(x2, u2)| < (C(L,1) + 0 (1))(|Ix1 — x2| + |uy — ua|)

for uy, up satisfying |ul, |up| < L, dist(uy, Fy,), dist(uy, Fy,) > 1. This equi-continuity result, coupled
with the crude estimate
lpe(xr, 1) — @(x1,up)l < CnP + 05(1)

holding for (x1, 1) such that dist(u;, Fy,) <, allows to conclude by an Ascoli-Arzela argument. [
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