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Regularity for a geometrically nonlinear flat Cosserat
micropolar membrane shell with curvature

Andreas Gastel and Patrizio Neff

Abstract. We consider the rigorously derived thin shell membrane I'-limit of a three-dimensional
isotropic geometrically nonlinear Cosserat micropolar model and deduce full interior regularity of
both the midsurface deformation m: @ C R? — R3 and the orthogonal microrotation tensor field
R:w C R?2 — SO(3). The only further structural assumption is that the curvature energy depends
solely on the uni-constant isotropic Dirichlet-type energy term |DR|?. We use Rivigre’s regularity
techniques of harmonic-map-type systems for our system which couples harmonic maps to SO(3)
with a linear equation for m. The additional coupling term in the harmonic map equation is of critical
integrability and can only be handled because of its special structure.

1. Introduction

1.1. Regularity background and setting of the problem

This paper contributes to the wide field of regularity theory of harmonic-map-type equa-
tions. Driven by the application to a geometrically nonlinear flat Cosserat shell model, we
extend known regularity results to a system that couples a harmonic map equation with
another uniformly elliptic equation. The system we consider is of the form

Div S(Dm, R) =0, (1.1
AR — Qg -DR —skew(Dmo S(Dm, R))R =0, (1.2)
where here
S(Dm, R) := w12 (2RP*(RT(Dm|0) — (12]0))), (1.3)
.__ skew(Rdx RT)
Qr = (skew(RayRT)) ’ (14

with some notation to be explained in Section 5. The unknown functions here are the
midsurface deformation m € W12(w, R3) and the microrotation R € W2(w, SO(3)),
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while @ C R? is a smooth domain. The so0(3)-valued 1-form Qp is the one that makes
AR—-Qr-DR=0 (1.5

the harmonic map equation for harmonic mappings to SO(3) C R3*3. The theory of har-
monic map equations of two-dimensional domains (to any sufficiently smooth compact
target manifold, here SO(3)) has a long history. It was proven in 1948 by Morrey [44]
that minimizing weakly harmonic maps are smooth. In 1981, Griiter [29] generalized that
to conformal weakly harmonic maps, and then in 1984 Schoen [70] to stationary ones.
The regularity proof for general weakly harmonic maps was then found in 1990 by Hélein
[31,32]. (Note that in our case, the target manifold SO(3) is a Lie group, and in this case
the harmonic map problem has a lot of interesting extra structure, many aspects of which
are covered in Helein’s book [33].) Later, in 2007, Riviere [63] revisited harmonic-map-
type equations and asked for which Q2 g all weak solutions of (1.5) on a two-dimensional
domain are smooth. It turned out that 2 g need not come from the harmonic map equation
(in which case it can be seen as the anti-symmetrized tensor derived from the second fun-
damental form of the target manifold), but for the regularity result only the skew-symmetry
of Qg is needed. This gave deeper insight into the structures necessary to have regularity
results, and it is Riviere’s philosophy that we rely upon.

Before we comment on the structure of our equations, and hence on the regularity
theory methods required, we state our main result.

Theorem 1.1. Every weak solution (m, R) € W12(w,R3 x SO(3)) of (1.1)—~(1.2), with
S(Dm, R) and Qg given by (1.3)—(1.4), is smooth on the interior of w.

In order to understand the structure of (1.1)—(1.2), we first look at (1.5). With Q2 and
DR being in L2, the nonlinear term Qg - DR in (1.5) is only in L', and if it did not have
any further structure, it would be difficult to start with any regularity theory, due to the
lack of an L”-theory working for p = 1. But it turns out that the product Qg - DR, after a
suitable gauge transformation, is the sum of products of divergence-free vector fields and
gradients in L2, which is known to be in the Hardy space #! rather than L!. This little
bit of extra regularity is enough to perform regularity theory.

Now let us have a look at our equation (1.2). Compared with (1.5), it has an extra term
skew(Dm o S(Dm, R)) R, and again, with DR € L?,S(Dm,R) € L? and R € L, this has
only L'-integrability. But once more, DR is a gradient, and S(Dm, R) is divergence-free
due to equation (1.1). This time, we have the product of a gradient Dm, a divergence-
free vector field S(Dm, R), and a bounded function R. Based on a crucial estimate by
Coifman, Lions, Meyer, and Semmes [14], Riviere and Struwe [64] were able to handle
such products in their work on partial regularity in dimensions > 3. They encountered
such products in the course of their proof for equation (1.5) without any extra terms, and
we can modify their arguments to handle our extra term from the coupling. The handling
of the first equation, which is linear in m with some right-hand side, is easier, in principle.
But we have to do the iteration procedure for both equations simultaneously in the proof
of Holder continuity, resulting in some technicalities.
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Once we have that, we still only have Holder continuity of /» and R, as proven in
Section 6.1. Note that for Riviére’s equation (1.5), in general, one can only expect Holder
regularity of the solutions. For the important special case of the harmonic map equation,
however, Q2g depends on DR only linearly, allowing one to bootstrap and achieve C*°
regularity once Holder regularity of the gradient has been proven as a start. The same
applies here, since our Q2 is that of the harmonic map equation. Due to the additional
nonlinearity in (1.2), however, deriving the Holder continuity of gradients from that of
solutions requires one to modify arguments from Moser’s book [45] to make them fit for
our coupled system. Combining such methods with standard Schauder estimates for (1.1),
we succeed in proving C'* and then C* regularity, which is the content of Section 6.2.

1.2. Engineering background and application

The Cosserat model is one of the best known generalized continuum models [13]. It
assumes that material points can undergo translation, described by the standard deforma-
tion map ¢: U — R3 and independent microrotations described by the orthogonal tensor
field R: U — SO(3), where U C R? describes the smooth reference configuration of the
material. Therefore, the geometrically nonlinear Cosserat model immediately induces the
Lie-group structure on the configuration space R3 x SO(3).

Both fields are coupled in the assumed elastic energy W = W (D¢, R, DR) and the
static Cosserat model appears as a two-field minimization problem which is automatically
geometrically nonlinear due to the presence of the nonabelian rotation group SO(3). Mate-
rial frame indifference (objectivity) dictates left invariance of the Lagrangian W under the
action of SO(3) and material symmetry (here isotropy) implies right invariance under
action of SO(3).

In the early 20th century the Cosserat brothers E. and F. Cosserat introduced this model
in its full geometrically nonlinear splendor [17] in a bold attempt to unify field theories
embracing mechanics, optics, and electrodynamics through a common principle of least
action. They used the invariance of the energy under Euclidean transformations [4, 16]
to deduce the correct form of the energy W = W(RTDg, RT0x R, RT0, R, RT0, R) and
to derive the equations of balance of forces (variations with respect to the deformation
@, the force—stress tensor may lose symmetry [57]) and balance of angular momentum
(variations with respect to rotations R). The Cosserat brothers, however, did not provide
any specific constitutive form of the energy since they were not interested in applications.

While the appearance of an additional rotational field R for describing the elastic
response of bulk material requires getting used to, such an appearance is most natural in
the case of shell theory. There, the Frenet—Darboux triedre [15] (triedre caché in the ter-
minology of the Cosserats, trihedron) naturally plays a role and it is no big step to assume
that this orthogonal field is supposed to be kinematically independent of the former (trie-
dre mobile). Hence the Cosserat approach [15]; the independent rotation field R describes
the rotations of the cross-sections of the shell (including in-plane drill rotations about the
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Figure 1. The mapping m: @ C R? — R3 describes the deformation of the flat midsurface » C R2.
The Frenet—Darboux frame (in blue, triedre caché) is tangent to the midsurface. The independent
frame mapped by R € SO(3) is the triedre mobile (in red, not necessary tangent to the midsurface).
Both fields m and R are coupled in the variational problem.

normal 7, to the midsurface m) and these cross-sections are all allowed to shear with
respect to the normal of the midsurface (Res # n,). See Figure 1.

On this basis, very efficient ad hoc Cosserat shell models have been introduced; see
e.g. [2,3]. A special case of these shell models is the family of Reissner—-Mindlin shells
in which the in-plane rotations are discarded (no drill energy) [36] and one is left with
a one director theory [38]." Upon identifying/constraining the triédre mobile with the
triedre caché (microrotation equals continuum rotation, Cosserat couple modulus p. —
00), canonical shell models of Kirchhoff-Love type emerge [43]. However, engineers
would often prefer the Cosserat shell models since these yield nonlinear balance equations
of second order [7, 34, 62,68,73,74].

The precise derivation of Cosserat shell models may proceed in several different ways:
integration of equilibrium equations through the thickness [18, 62], direct modeling as a
two-dimensional directed surface [2, 3, 28], or the derivation approach, which starts from
a three-dimensional variational problem and introduces certain assumptions for the defor-
mation behavior through the thickness. The second author has introduced this derivation
procedure based on the geometrically nonlinear Cosserat model in his habilitation the-
sis [49, 51]. Lastly, there is the “ansatz-free” method of I'-convergence [8, 11, 12] (while
letting the thickness & tend to zero) to perform the dimensional descent.

In this method, one needs to choose an energy scaling regime, and typically one
obtains either membrane or bending-like theories [22, 38—40] when starting from clas-

'One-director geometrically nonlinear, physically linear Reissner—Mindlin shells are typically not well
posed, since the membrane stretch energy part depends quadratically on DmTDm — 15, which is not rank-
one elliptic in the compression regime. For a more detailed exposition, see the appendix.
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sical finite strain elasticity [21-23]. However, the I'-limit membrane model [38, 39] has
a serious shortcoming which is connected to the necessary relaxation step: it does not
predict any resistance against compression and averages out the expected fine-scale wrin-
kling response. The situation is strikingly different when starting from a three-dimensional
Cosserat model, as done in [52]. This is true since the bulk-Cosserat model already fea-
tures a curvature term (derivatives of R) which “survives” the membrane scaling.

The Cosserat membrane ['-limit with remaining curvature effects can be used as an
effective surrogate model to describe ultra-thin graphene mono-layers. Graphene is the
name given to a single atomic layer of carbon atoms tightly packed into a two-dimensional
honeycomb lattice (see Figure 2). It can be wrapped up to form fullerenes, rolled into
nanotubes [75], or stacked into graphite. Its stiffness properties are extreme. Such a graph-
ene layer has resistance against in-plane stretch and curvature changes but its thickness is
so small that a classical membrane-bending model (where the bending terms scale with
h3 while the membrane terms scale with /) is clearly insufficient. It is simply impos-
sible to speak about the “thickness” of graphene in a classical continuum framework.
Researchers then usually resort to introducing an “effective bending rigidity” in order to
apply concepts from classical shell theory. This can be completely avoided in the Cosserat
membrane model.

In this paper we will consider, for the first time, the challenging regularity questions
for the flat shell Cosserat membrane I'-limit. To the best of the authors’ knowledge, such
a regularity investigation for the flat Cosserat membrane shell has never been under-
taken. Two recent previous contributions consider the regularity issue for the geometri-
cally isotropic nonlinear Cosserat bulk equations [24,41], both times restricting attention
to the uni-constant Dirichlet curvature energy |DR|?, leading to a A R-term in the Euler—
Lagrange equations and allowing the sophisticated techniques for harmonic-map-type
systems to be used.

This paper is structured as follows. After this introduction and the introduction of our
notation, in Section 3 we will introduce the three-dimensional isotropic Cosserat model,
together with a short discussion of suitable representations for the curvature term. Follow-
ing, in Section 4, we briefly describe the dimensional descent towards a membrane shell,
juxtaposing the result of the I'-limit procedure and a formal engineering approach. In Sec-
tion 5 we introduce the final two-dimensional Cosserat membrane shell model, together
with some pertinent notation and simplifications. The remainder of the paper is devoted
to showing the interior Holder regularity of these weak solutions. In the appendix we
gather further useful calculations, like the three-dimensional Euler—Lagrange equations in
dislocation tensor format. We present a more engineering-oriented derivation of the two-
dimensional Euler-Lagrange equations and give a glimpse of a related Reissner—Mindlin
model. Finally, we show some numerical experiments on the flat Cosserat membrane shell
model in compression.
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Figure 2. A deformed graphene mono-atomic layer resisting in-plane stretches (membrane eftects)
and curvature. Classical continuum models are no longer suitable, since there is no tangible thick-
ness, cf. [75]. Graphene is thought to be the strongest among all known materials. Nevertheless, it
is soft in the sense that it can be easily bent due to its one-atom-thin nature.

2. Notation

Leta,b € R3. We denote the scalar product on R3 with (a, b)gs and the associated vector
norm by |a|]%gs = (a, a)gs. The set of real-valued 3 x 3 second-order tensors is denoted
by R3X3.

The standard Euclidean scalar product on R3*3 is given by (X, Y)gaxs = tr(XYT),
and the associated norm is | X |2 = (X, X )g3x3. If 13 denotes the identity matrix in R3*3,
we have tr(X) = (X, 13). For an arbitrary matrix X € R3*3 we define sym(X) = %(X +
XT) and skew(X) = %(X — XT) as the symmetric and skew-symmetric parts, respec-
tively and the trace-free deviatoric part is defined as dev X = X — % tr(X)1, for all
X € R™". We let Sym(n) and Sym™ (n) denote the symmetric and positive definite
symmetric tensors, respectively. The Lie algebra of skew-symmetric matrices is denoted
by s0(3) := {X € R¥3 | XT = X} and the Lie algebra of traceless tensors is defined
by s[(3) := {X € R33 | tr(X) = 0}. We consider the orthogonal decomposition X =
devsym X + skew X + % tr(X) - 13 = sym X + skew X. The canonical identifications
of s0(3) and R? are given by axl: s0(3) — R3 and its inverse Anti: R> — s0(3). We note
the following properties:

0 o B —y
axl|—a 0 yl=1|281, |A|]12§3x3 = 2|aX1A|]§3, Av = axl(A4) x v,
B -y 0 —o
——————

=A
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and
U1 0 —U3 1%)
Anti| vy | ;== v3 0 —wv; | €so(3).
U3 %) U1 0

A matrix having the three column vectors Ry, R», R3 will be written sometimes as R =
(R1|R2|R3) € R¥3. The matrix Curl and matrix Div are defined row-wise as

curl(RT- eq) div(RT-e;)
Curl R = | curl(RT-e5) | € R¥*3, DivR = | div(RT- e5)
curl(RT- e3) div(RT- e3)

For ¢ € C'(U,R3) and for every vector (x, y,z) € R3, we write

P1,x P,y Pi,z
Dy =|wax @25 @2,z = (0x¢|0y9pldz0).
P3x P3,y @3z

The mapping m: @ C R? — R3 will always denote the deformation of the midsurface ®
and we write

mix M,y —mi,y Mix
1
Dm = |myy myy | = 0xm|dym), D m=|-my, myy| = (—0,m|oxm).
ms3x M3y —ms,;y M3 x

Moreover, we will use the notation
Div(A1|A2) = 0x A1 + 0y Az, Divh(A1]Az) = 0x Ay — By Ay,

where A1, A, may be number-, vector-, or matrix-valued functions on w of the same type.
Note that it is also customary to write Curl instead of Div, but the latter underscores
the symmetry of (D, Div) with (D+, Div'), hence we reserve Curl for three-dimensional
domains.

We assume that # > 0 with & < 1. The three-dimensional thin flat domain U; C R3
is introduced as

h h
Uy = w X [——,—], o C R2.
" 2’2
We also need to define the projection operator on the first two columns,
X1 X2
T2 RY? - RY? 0 (X)) = m2(X1 | X2|X3) = (X1|X2) = | Xa1 Xoa |
X311 X3

and the operator

Puec: RP? = {(3) N Sym(3)} ® s0(3) ® R - 13,
Py (X)) = P(X) = Jidevsym X + /fie skew X + JTE w(X) - 1s,

P*P(X) = P*(X) = udevsym X + pc skew X + gtr(X)]l& P* = P.
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3. Three-dimensional geometrically nonlinear isotropic
Cosserat model

The underlying three-dimensional isotropic Cosserat model can be described in terms
of the standard deformation mapping ¢: U C R3 — R3 and an additional orthogonal
microrotation tensor R: U C R3 — SO(3).

The goal is to find a minimizer of the following isotropic energy:

E* (¢, R)

- / ldev sym(RTDg — 15)[” + pclskew(RTDg — 15)? + 2 u(RTDyp — 1)’
U

L2
+ MTC (al |dev sym RT Curl R|? 4 a5 |skew RT Curl R|*> + %3 tr(RT Curl R)2) dx

A
- / Hlsym(RTDg — 15)[? + pclskew(RTDy — 1) + 3 w(RTDg — 1)?
U

LZ
+ Mf(dl |dev sym RT Curl R|? + a,|skew RT Curl R|? + ‘%3 (R Curl R)2) dx

disloc

= / Winp(RTDg) + WD (RT Curl R)dx — min ~ w.r.t. (¢, R). (3.1
U

The problem will be supplemented by Dirichlet boundary conditions for the deformation
¢ but the microrotations R can be left free. Here, it > 0 is the standard elastic shear
modulus, k3p = WFTZ“ > 0 is the three-dimensional elastic bulk modulus (with A the
second elastic Lamé parameter), p. > 0 is the so-called Cosserat couple modulus, a;,
a, as are nondimensional nonnegative weights, and L. > 0 is a characteristic length.
The energy (3.1) is the most general isotropic quadratic representation for the Cosserat
model in terms of the nonsymmetric Biot-type stretch tensor U = RTDg (first Cosserat
deformation tensor [17]) and the curvature measure RT Curl R (physically linear, small
strain, but geometrically nonlinear). We call

a = RTCurl R,

the second-order dislocation density tensor [10]. Due to the orthogonality of dev sym,
skew, and tr(.)13, the curvature energy provides complete control of

|e|?> = |RT Curl R|> provided ay,as,az > 0.
For example, we can express the uni-constant isotropic curvature term
IDRIG 333
= |RTDR|g 3305 = |RTOx R[R5x5 + RT3y R[5 + [RT0; R|F35
= 1-|devsym RT Curl R|%s.s + 1 - [skew RT Curl R[5 + 1 -tr(RT Curl R)?

12
=[Py, 1 (@),

s1s 712
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where we have used (4.3) and |T'|? = |axI(RT0x R)|? + |axI(RTd, R)|? + |axI(RTd, R)|?,
together with 2|ax1(A) |]§3 = |A|]§3x3. Using the result in [60]

|Curl R|Z5:s > ¢TIDR|Z 5055,

shows that (3.1) controls DR in L2(U, R3*3%3),

In this setting, the minimization problem is strictly convex in the strain and curvature
measures (U, a) but highly nonconvex with respect to (¢, R). Existence of minimizers for
(3.1) with p, > 0 was shown first in [50]; see also [10, 19,37,42,50,52,54]. The partial
regularity of minimizers/stationary solutions is investigated in [24, 41] under additional
assumptions. Note also that in [24], the first author gives an example of a solution that
exhibits a point singularity.

The Cosserat couple modulus p. controls the deviation of the microrotation R from
the continuum rotation polar(Dg) in the polar decomposition of Dy = polar(Dg) -
/DeTDg; cf. [59].

For p. — oo the constraint R = polar(Dg) is generated and the model would turn
into a Toupin couple stress model.

3.1. Connections to the Oseen-Frank energy in nematic liquid crystals

In nematic liquid crystals one considers the unit-director field n: U C R?® — S2, minimiz-
ing the three-parameter frame-indifferent “curvature energy” [72]

1 1 1
/ —Ki|divn|® + = Ka|(n, curl n)|* + =K3|n x curl n]? dx. 3.2)
u 2 2 2
The uni-constant approximation K; = K, = K3 leads to the Dirichlet-type integral®

1
[ —K,|Dn|?*dx. (3.3)
u 2
The corresponding Euler—Lagrange equations for the uni-constant case are (see e.g. [1])
An = —|Dn|* - n; (3.4)

see equation (A.21) for a self-contained derivation. Since (3.3) and (3.4) are just the energy
and Euler-Lagrange equations for harmonic maps to spheres, all regularity theorems for
harmonic maps apply. In the three-dimensional case, minimizers are smooth up to a dis-
crete set of singularities. Stationary solutions have a co-dimension 1 singular set. In the
two-dimensional case, all weak solutions of (3.4) are smooth; see Section 1.1 for the lit-
erature on this.

For K;, K», K3 positive and different, any minimizer to (3.2) is smooth except for
a closed set of Hausdorff dimension strictly less than 1; cf. [30]. Ball and Bedford [6]
consider the sublinear regime |Dn|?, 1 < g < 2.

2For this, we note the identity (see [5, eq. (2.5)] and [1, eq. (2.6)])
tr(Dv)? + (v, curl v)? + |v x curlv|? = [Dv|? + (Jv]? — D)|curl v|?,
valid for all sufficiently smooth vector fields v: U C R3 — R3.
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4. Dimensional descent towards a membrane model

4.1. Membrane I -limit

We are interested in a situation where the reference configuration is flat with uniform shell
thickness & > 0, i.e. the reference configuration is taken to be of the form (see Figure 3)

Up = o x [—gg] » C R2.

The goal is to derive a limit two-dimensional problem, posed over the referential midsur-

Figure 3. Process of dimensional reduction. Flat reference configuration with height /2 and deformed
configuration.

face w C R?, as h — 0. This has been achieved in [58] based on I"-convergence arguments
and using the nonlinear membrane scaling. We say that the dimensionally reduced model
is a membrane, since no dedicated bending terms appear in the problem.

However, since the Cosserat model already includes curvature terms (those depend-
ing on space derivatives DR), these curvature terms “survive” in the I'-limit procedure
and scale with &, while canonical bending terms scale with h3. This sets the Cosserat
membrane model apart from more canonical membrane models [55].

For the I'-limit procedure it is useful to re-express the curvature energy from (3.1),

L2
/,LTC (al |dev sym(RT Curl R)|? + a|skew(RT Curl R)|* + a?3 tr(RT Curl R)Z)

L? 2 2, 43 2 L? 2
= /;,7(m|devsymot| + az|skew ot |” + ?tr(a) ) = M7|Pal,a2,a3(0l)|
= VVdSigoc(o‘)7 “4.1)

in terms of the so-called second-order wryness tensor [18,60] (second Cosserat deforma-
tion tensor [17])

T := (axl(RT0, R)|axl(RTdy R)|axI(RTd, R)) = (I'1|['2|T3) € R¥*3. 4.2)
N’

€so(3)



Geometrically nonlinear flat Cosserat micropolar membrane shell with curvature 173

Since RTdy, R € s0(3), i = 1,2, 3 is skew-symmetric, we have the following relations
[25,26,61]:

I =—aT + %tr(a)]l3, a=-TT+tr(T)13. 4.3)
By using these formulas we note
devsyma = —devsymI', skewa =skewI', tr(e) =2tr(T).
Now using (4.1), we obtain

LZ
Wb (@) = MTC(addeV syma|? + a;|skew ar|? + % tr(ot)z)

L2
= M?C(al |devsym T'|> 4 a,|skew T'|? + 4as tr(I')2>

LZ
“76(51 |devsym T'|> 4 G, |skew I'|? + a3 tr(T')?)

: W3 (I),

curv

where d; = ay, d, = aj, and a3 = 4a3. Altogether we get

L2
WD (a) = WP (T) = ,L?“(a*ndev symT'|? + a@s|skew T'|2 + a3 tr(T')?)

disloc curv
L? - 7 2,7 2
=,u7(b1|symr| + by|skew T' | + b3 tr(T)7),

with a; = l;l >0, dp = 52 > 0, and 153 = % + a3 > 0. Thus, the variational problem
(3.1) can be equivalently expressed as

E®(.R) = /u Winp(RTDg) + WP () dx — min  w.rt. (¢, R).
h
Applying the nonlinear scaling [20], allows one to rewrite the problem on a domain

U, = o X [—%, %] with unit thickness in terms of properly scaled variables ¢%, RY in
the (thickness) z-direction

(", RY) = / W (R*T DY) + W7D (I') dx.
Uy
The descaled I'-limit of E 2D as h — 0 is then given by [52]

E®@m,R) = / h(Who" (RT(Dm|R3)) + whom(T))dx — min  w.rt. (m, R),

curv
w
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where m: @ C R? — R3 describes the deformation of the midsurface, R: v C R2 —
SO(3), and

W™ (RT(Dm|R3)) := inf Wip(RT(Dm|d))
deR3

= pu[sym((R1|R2)TDm — 1)|? + ic|skew((Ry|R2)"TDm — 1) ?

2
PR ((Rs.0.m)? + (R3. dym)?)
Mt e
pA 2
tr((R1|R2)TDm — 1,)~,
+2/L+k r((R1|R2)TDm —15)
whom([) = Aei;f(” W23P (axI(RTd, R), axI(RTd, R), axl(A))
L2 fy T ’ TR
L i g (F1r D2 4 lskew (L1 L2
) (1 Y ( Iy Ty ? Iy I
. N2 - 2
n ~b1b3~ " INTRRE: n 2~b1b2~ I3 ’
bi+b3; \Iz1 T by + by |\I'32

where the matrix T = (ax1(RT0x R)|axI(RTdy R)) = m12(T) is in the form (see [43])

R ill 1?12
T = (axI(RT3 R)[axl(RT, R)) = | Ty Tap | € R¥*2
I';p Taz

WesetI'g = (;“ ;12> andT' | = (;31 ) Thus we can write the I"-limit minimization
21 22 32

problem as®
Ef5m(m, R) = / h{u|sym((R1 |R2)TDm — 15)|* + pelskew((R1|R2)TDm — 1,)/?
w

2uphe
+ Ee ((Rs, 9m)? + (R3. dym)?)

Mt e
pA 2
P 4((Ry|Ry)TDm — 1
+2M+Ar(( 1|R2)TDm — 15)
L2 (- . ~ ~ b b ~
~|—M—C(b1|5ymrD|2+b2|8keWrD|2+ ILILEN
2 b1 + b3
biby -
P |I'l|2)}dx. (4.4)
b1+ by

3Note the fourfold appearance of the harmonic mean #, i.e.

2,[,LMC ,U/A 1 A 5153 1 ~ o~ 25152 ~ o~
—— = H (. pe), =-H(w5) =% =;Hb1.b3), ———= = H(b,b).
P (ws pe) W2 (M 2) TN (b1,b3) Bt h (b1,b2)
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If we assume that in the underlying Cosserat bulk curvature energy we have the uni-
constant expression

12
W2P (RTDR) = “ Ke

curv

LZ
IRTDR|? = “20 IDR|?

ML2(|axl(RT8xR)|2 + |axI(RTd, R)|* + |axI(RTd, R)|*)

ML“’(I(RTa R)I> + (RT3, R)|> + |(RTO: R)I?),

then the homogenized curvature energy is given by [10, 20, 65]

curv curv

Whom(RTDR) = ) inf W3D (ax1(RT0, R), axI(RTd, R), ax1(A))
€30

ch‘ 2 2 LZ 2
= n= (RT3<RP” + |RT3, R]") = u=¢ |[RTDR]

= PLZ|T g5 = pLE712(0) [R5c2-

4.2. Alternative engineering ad hoc dimensional descent

In [49] the three-dimensional Cosserat model has been reduced to a flat shell problem by
proposing an engineering ansatz for the deformation ¢ and the microrotation R over the
shell thickness. Again we let m: w C R2 — R3 denote the midsurface deformation, U =
RT(Dm|R3) the nonsymmetric membrane stretch tensor, and R: U;, C R? — SO(3) the
microrotation tensor field with RTDR = (RTdx R, RTd, R). Since we are only interested
in the membrane-like response, we will neglect terms related to bending effects right away
while keeping the curvature change* scaling with .
The dimensionally reduced energy then reads [49, (4.5)]

£ - | h{wsym(z? 1) + pelskew(@ — 1)
w

A L2
ad tr(U —13)* + pu—= |RTDR|2} dx
2+ A

= / h{u|dev sym(U — 13) % + jie|skew(U — ]13)|2
w

% H 2 2
— tr(U — 1 RTDR
+(2u+3k+ w)u(@ 3)+u ‘) |}
~—————
__. khom
= «om

+

“The missing Cosserat bending terms scaling with 13 are of the type [49, (4.5)]

3

h A
T {Hlsym(RT DR [0)? + prclskew(RT(DRa |0 + -

20+ A

tr{sym(RT(DRs[0)))’},

and the uni-constant case would appear for £ = ., A = 0.
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I
=

h{mdev sym(RT(Dm|Rs) — 15)® + Mc|5keW(RT(Dm|R3) 1)
hom

K
+

tr(RT(Dm|R3) — 13)* + u=< |DR|2} dx

= / h{MSym((Rl |R2)TDm — 1,)|> + pc|skew((R1|R2)TDm — 1,)?
w

shear-stretch energy drill energy

+ A

+ B He ((Ry, 0,0m)? + (Rs, dym)?) + =L tr((Ry| Ry)TDm — 1)
2 2u+ A
transverse shear energy elongational stretch energy
L2
m 7C|RTDR2|} dx. 4.5)
N—

curvature energy

Letting (o — oo in the reduced membrane model implies that R3 = n,, is normal to
the midsurface m. Moreover, skew(RT(Dm|n,,)) = 0 implies R = polar(Dm|n,,) (triedre
caché).

In contrast to the representation of the energy in (4.5), the rigorously derived I'-limit
membrane model [55] has the energy (see equation (4.4))

Efin(m. R) = / h{ulsym((Rl |R2)TDm — 1) + juclskew((R1|R2)TDm — 1,)|?

2
+ BB (Ry.0,m)? + (Rs. dym)?)
M+ e
A
+H tr((R1|R2)TDm — 1,)% + nggy;“(r)} dx, (4.6)
2+ A

where T = (ax1(RT0, R)|ax1(RTdy R)). Thus, the engineering formulation in (4.5) coin-
cides with the membrane I'-limit if and only if
M+ U 2pphe

A, pe) = ) = Lt = H(n. pe) <= 1= Ue, 4.7)
c

and ~ y ~
|IRTDR|> = WM™T) « by =by=1, b3 =0.

In (4.5),, we are also led to define the appropriate modified bulk modulus «"™ via’

hom

KON A B 2u2A+p

: 4+ —=— (effective two-dimensional bulk modulus).
2 2u+A 3 32u+4A

3In linear elasticity theory for the displacement u: U C R3 — R3, the common bulk modulus « appears
in the form y|dev sym Du|? + % tr(Du)? and not as jt|dev sym Du|* + 3 tr(Du)?, which would be more
natural from the perspective of orthogonality of dev sym Du and tr(Du) - 15.
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Since we will need k"™ > 0 for our subsequent regularity analysis, (4.7), implies 2u +
A > 0and 21 4+ u > 0. One can show that the latter implies for the engineering Poisson

number v = the bound v > —% (instead of v > —1 for three-dimensional linear

A
2(u+A)
elasticity).

5. The two-dimensional Euler-Lagrange equations

Henceforth, we skip all unnecessary material parameters in (4.5) in order to arrive at a
compact representation. Again, we consider the midsurface deformation m:w C R? — R3

and the orthogonal microrotation tensor R:w C R? — SO(3). We set 4 = 1 and assume

. . LZ. hom .
the normalization y=¢ = 1. Moreover, we set k = 3KT Thus, the corresponding energy

function describing the two-dimensional membrane shell problem is
En. R i= [ pldev sym(RTOm|R3) ~ 1) + acskew(RTOm] Rs) = 1)
w

+ %tr(RT(Dm|R3) —13)% + |DRJ? dx. (5.1)

We assume u, [, K to be positive. Remember that we have defined a linear operator
P:R3*3 — R3*3 by

Py ok (X) = P(X) = S devsym X + /fic skew X + g(uxm.

Using the mutual orthogonality of dev sym X, skew X, and (tr X')13, we can write down
the functional in a simplified form: it reads

E(m,R) =/ |P(RT(Dm|R3) — 13)|* + [DR|? dx.

Now we are going to calculate the Euler—Lagrange equations for the dimensionally
reduced problem based on E. The first variation of E in the direction of (3, 0): U —
R3 x R3*3 s

SE(m, R;9,0) = 2/(]P’(RT(Dm|R3)—Jlg,),]P’(RT(DMO)))dx

[0

=2 / (B(RT(Dm|0) — (1,]0)). P(RT(DY]0))) dx.

and the first variation in the direction of (0, Q): U — R3 x R3*3 with Q(x) € Tg SO(3)
for almost all x € U is

$E(m,R:0,0) = 2/ [(P(RT(Dm|R3) — 13). P(QT(Dm|0))) + (DR.DQ)] dx

= 2/[(P(RT(DMIO)—(ﬂzIO)),P(QT(DMIO))) + (DR, DQ)] dx.

62)&+u>0andu>0imply2)t+2/¢:2(A+u)>0.Theref0re,v=m>—%©L>

nti
1S A>—(u+A) 24 +pn>0.
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Now using P* = P and P(XT) = P(X)T such that P*P = P2, and observing that
w12 (v1|v2|v3) = (v1|v2), we rewrite these as

SE(m, R;9,0) = 2/(RP2(RT(Dm|O) — (12]0)), (DY 0)) g3x3 dx

w

=2 [ (s (RE? (RT(Dm(0) = (1210)). DV} .
SEGn, £:0,0) = 2 [ [(P(DMIO)TR = (1210)). P(Dm[0)]T Q))psws + (DR, DO)] dx
=2 [ [(©m[OP*(@m|0)T R~ (1210)). ) + (DR. DQ}] dx.
The pair of Euler-Lagrange equations then consists of
Div[712(2RP?(RT(Dm|0) — (12]0)))] = 0. (5.2)
and

AR — (Dm|0)P2((Dm|0)TR — (1,]0)) L Tz SO(3). (5.3)

Note that it is not true that XTP2(X) = XTP*PX is symmetric for all matrices X ; this is
because PP is not a matrix. Therefore, (Dm|0)P?(Dm|0)T R is not automatically orthogo-
nal to Tg SO(3). And this term, being formally only in L! due to Dm being in L2, makes
the structure of the equation interesting, as explained in Section 1.1.

For readability, we introduce a product which shares aspects of scalar products and
matrix multiplication. We define o: R3*? x R3*2 — R3*3 by

1 1 cT
oC = — T _
BoC = ~BC 2(B|0)( 0 ) (5.4)

Defining
S(Dm, R) := m12(2RP*(RT(Dm|0) — (1,|0))),

we rewrite the second term of (5.3) as

(Dm|0)P?((Dm[0)TR — (12[0)) = Dm o m12(2P*(RT(Dm|0) — (120)))
= Dm o RTx1,(2RP?(RT(Dm|0) — (1,]0)))
= Dm o RTS(Dm, R) = (Dm o S(Dm, R))R.

Noting that the projection of any matrix X € R3*3 to Tg SO(3) is R skew(RTX), we
find that the projection of (Dm o S(Dm, R))R is R skew(RT(Dm o S(Dm, R))R) =
skew(Dm o S(Dm, R))R. This means that the pair of Euler-Lagrange equations (5.2)—
(5.3) can be rewritten as

Div S(Dm, R) = 0, (5.5)
AR — skew(Dm o S(Dm, R))R L Tg SO(3). (5.6)
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The latter is a relation rather than an equation, but we can rewrite it as an equation. In
geometric analysis, this is usually done using the second fundamental form of SO(3), but
we present the calculation in a more elementary way. Our aim is to calculate the tangential
part (AR)T of AR.

Differentiating RRT = 13 gives

0=0;(RRT) = (0; R)RT + R0O; RT = 2sym(R0; RT). 5.7
Differentiating RTR = 13 twice and summing over i, we find

0= (ART)R+ RTAR+2) 0;RT0;R = (AR)TR+ RTAR+2) 0;RT0; R

1 1

=2sym(RTAR) +2) " 9;RTO; R,

1

implying
sym(RTAR) = — ) " 0; RT0; R. (5.8)
i

For any fixed matrix R € SO(3), we have Tg SO(3) = R s0(3), where s0(3) is the space
of skew-symmetric matrices in R3*3. The projections of any X € R3*3 to Tg SO(3) or
its orthogonal complement [Tg SO(3)]T therefore are

XT = Rskew(RTX), X1 = Rsym(RTX).
Therefore, we can calculate the orthogonal component of AR as

(AR = Rsym(RTAR) = — ) "R0;RT0;R = — ) _ skew(R9; RT)0; R.

We have used (5.8) in the second “=", and (5.7) in the third. We now abbreviate
Qoo (@R _ _ (RO:RTY _  (skew(RO(RT)
R=\(@r)2) ~ \Ro,RT) ~ " \skew(Rd,RT))’
2

Qr-DR:=) (Qr)idiR e R¥?,
i=1

and hence have
(AR)" = AR—(AR)* = AR— Qg -DR.

Combining with the result of (5.6), we have calculated the tangential part of the left-hand
side of (5.3) as
AR — Qg -DR — skew(Dm o S(Dm, R))R,

and thus have derived the Euler—Lagrange equations in their final form. We summarize:
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Div S(Dm, R) = 0, (5.9)
AR — Qg -DR — skew(Dm o S(Dm, R))R = 0, (5.10)

where here

S(Dm, R) := 712(2RP>(RT(Dm|0) — (12]0))), Qg = — (Skew(RaxRT)) .

skew (R0, RT)

Remark 5.1. In engineering language, (5.9) is the balance of forces, while (5.10) is the
balance of angular momentum equation. The tensor

T(Dm, R) := 2P%(RT(Dm|0) — (1,|0))
is the nonsymmetric Biot-type stress tensor (symmetric if . = 0), while
S(Dm, R) = m12(RT (Dm, R))

is the first Piola—Kirchhoff-type force—stress tensor. Note the analogy with the correspond-
ing tensors in the three-dimensional Cosserat model presented in (A.4) and (A.5).

6. Regularity

The objective of this section is to prove our main theorem.

Theorem 6.1 (Interior regularity). Every weak solution (m, R) € W12 (w, R3 x SO(3))
of (5.9)—(5.10) is smooth on the interior of w.

Remark 6.2. Due to the results in [49,53,55], we know that energy minimizers to problem
(5.1) exist and these are weak solutions (m, R) € W12(w, R3 x SO(3)) of (5.9)—(5.10).
Since the problem is highly nonlinear, uniqueness cannot be shown, nor is it expected.

6.1. Holder regularity

We observe that the last term in (5.10) is, up to “skew” and the harmless factor R, the
product of a “gradient” Dm with a divergence-free quantity S(Dm, R), with both factors
in L2. As we know from [14], such a product is in the Hardy space #! rather than just
in L', and we will use arguments from [64] that tell us how to handle the additional R
factor. A standard source for the Hardy space J#! is Stein’s book [71, Chapter III]. Note
that [64] (see also [24]) is about harmonic maps in > 3 dimensions, and it is Riviere’s
paper [63] about two-dimensional harmonic maps that is mostly the basis of what we
are doing here. Schikorra [69] found some simplification to the arguments of [63] and
[64], and the most accessible account of all these arguments to date is the textbook [27]
which allows us to handle the Euler—Lagrange equation (5.10) quite flexibly. Note that our
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equation (5.10) is more general than the equations of the form AR — Q - DR = 0 studied
in those papers and the book [27], since we have the extra term — R skew(Dm o S(Dm, R))
of order 0 in R. We are lucky that we have the additional structure coming from S(Dm, R)
being divergence-free, again implying that up to a bounded factor the extra term is in J1.
Without that additional information, we would not know how to incorporate that into the
existing regularity theory.

It will be crucial to use Morrey norms, at least locally. We say that u € L?(U) is in
the Morrey space M ?*(U) if

[u]f‘},,,s(U) = sup{r—* I8, ey 1417 dx | xo € U,r € (0,1)} < o0.

Having this, we define the Morrey norm by |u|[ar2.5w) = [Ulpmrs@w) + lullLew)-

We need the following lemmas. The first one is a special case of [69, Lemma A.1], in
the spirit of similar estimates from [14]. This is where Hardy-BMO duality comes in as a
hidden ingredient in our proof.

Lemma 6.3. There is a constant C such that for all choices of xg € R2, r > 0, and
functions a € WY2(Ba, (x0)), T € L2(B,(x0), (R?)*), b € W,> N L®(B,(xo)) with
Div I = 0 in the weak sense on By(xg), we have

[ (Da, I')b dx
B (x0)

The following is a result due to Riviere [63] and Schikorra [69], and can be found as a
special case of [27, Theorem 10.57].

< ClIT |28, xon IPP I L2(B, (xo)) 1P | ar3/2.112(Bs, (xo)) -

Lemma 6.4. For every Q € L?(B?, (R?)* ® s0(3)), there exists G € W12(B2,S0(3))
such that

Div(G™!QG — G™'DG) =0 in B?
and’

IDG||z282) + IGT'RG — G™'DG 1282y < 3] 12(82)-

We also need a version of the Hodge decomposition theorem. This one is a special case
of [35, Corollary 10.5.1], adapted from the differential forms version to two-dimensional
vector calculus as in [27, Corollary 10.70].

Lemma 6.5. Let p € (1,00). On B, (xo) C R?, every 1-form V € LP(B,(xp), (R?)*) can
be decomposed uniquely as
V =Da + D8 +h,

where o € WP (B, (xp)), B € Wol’p(Br (x0)), and h € C® (B, (x9), (R?)*) is harmonic.
Moreover, there is a constant C depending only on p, such that

lallwr (B, ko)) + IBlwies, xo) + 1ALr(B, (xo)) < CIV L (B, (x0))-

7(R?)* ® s0(3) is isomorphic to $0(3) x s0(3).
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We now start our regularity proof. Our first step is local Holder continuity.

Proposition 6.6. Assume that (m,R) € W12(w,R3 x SO(3)) is a weak solution of (5.9)—
(5.10). Then there is B > 0 such that m and R are C %8 -Hélder continuous locally on w.

Proof. We write B, for any ball B,(xg) C w. We assume r to be small enough such that
B, (x9) C w. We will collect more smallness conditions on r during the proof.
We choose G according to Lemma 6.4 and find, abbreviating Q¢ := G™'QzG —
G™'DG,
Div(G™'DR) =D(G™!)-DR + G 'AR
= -G Y(DG)G™' DR+ G 'Q-DR + G~ ! skew(Dm o S(Dm, R))R
= QY% .G 'DR + G ! skew(Dm o S(Dm, R))R.
Now we Hodge-decompose G~ !DR according to Lemma 6.5. We find f € WL2(B,,

R3*3), g € W, (B,, R¥*3) with dg = 0, and a component-wise harmonic 1-form & €
C°(B,, L(R?,R3*3)) such that

G 'DR=Df +D*g+h 6.1

almost everywhere in B,. Using the well-known relations Div D = Divt D+ = A and
DivD't = Divt D = 0, we calculate

Af =DivDf =Div(G 'DR) = Q% -G'DR + G~ skew(Dm o S(Dm, R))R, (6.2)
and
Ag = Divt Dt g = Divi(GT'DR) = D*G~! - DR = Div(D*G™!)(R — Ry)). (6.3)

for any constant Ry € R3*3 (not necessarily a rotation). Both terms on the right-hand side,
multiplied by some ¢ € W01’3(B,, ]R3X3),_ can be estimated using Lemma 6.3. Choosing
a = RKt b= (G1)7*p!t 5 .= (Q9)Y, we find

/ (Q%-G7'DR, ¢) dx

r

< CI12°28) (IDG L2 |0 I2(8,) + D@ L2(8,) DRI pg3/2172(5,). (6.4)

and choosing a := m/, b = (Gi;l)Rkepr, s := S(Dm, R)]S‘, we have
/ ((G™" skew(Dm o S(Dm, R))R). ¢)dx
B,

< C||S(Dm, R)||r2(8,)(IDG |28, ¢ LB IDR | 2B @l (B,) + D@ | L2(B,))
“IDm | pr32.1/2(B,)- (6.5)

We assume ¢ € (0, g9) with some g9 > 0 to be determined. Choosing r > 0 small enough,
we may assume ||Qg|lz2p,) < ¢ and |Dm||p2(p,) < €.
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Welet T = {p € C°(B,,R¥3) | [Dgll13(B,) < 1}. Combining the duality of L3/?
and L3 and (6.2) with (6.4) and (6.5), we find, using ¢ = 0 on 0B,

IDf Nl 23/2(8,)

<C sup/ (D f, Dg) dx
¢eT J B,

=C sup/ (QG -G 'DR + G skew(Dm o S(Dm, R))R, ¢) dx
oeT r

<C sup 1211 22¢8,) IDG [l L2 ¢ | L (8,) + D@l 2B IDR [ pg32.112 8y,
pe

+C SUIT> IS(Dm., R)|| 128, (IDGlL2(8,) l@llL>(B,) + IDRI 28 @]l L (8,)
pe
+ D¢l 2(8,)) IDm || pg3/2.1/2(B,,)
<C sup 2R lL28,) (I2R 2B, @l Lo (B,) + D@llL2(B,) DRI pr3/2.112(8,,)
pe

+C Sul;(”Dm”LZ(B,) + r)(IRr L2y l@llLo(B,) + IDRI 2B, @08,
pe
+ D¢l 2(8,)) IDm | pr3/2.1/2(B,,)
< C(e + r)r'P(IDR| yg32.1/2(8,) + DM pg32.1/2(8,,)- (6.6)

Here, in the second “<”, we have used Lemma 6.3, and in the fourth “<”, we have used
ez, < Cr'/3|DelLss,) < Cr'/3, IDgll2s,) < Cr'/?|Dg|Lss,) < Cr'/3,
2R l|L2(8,) < &, and ||[Dm||12(p,) < &.

Using (6.3), we can also estimate the L32-norm of Dt g. We find

ID* gl L2gs,) < C sup / (DLg. DLp) dx
@€eT J B,

=C supf (Ag, ) dx
9eT JB,

= Csup [ DN(DGT(R = R0 dn
peT r

—Csup [ ((D*G)(R - Ra,). D) dx
@€eT J B,

< C sup |[D¢|138,)IDG 2B, IR — RB, ||lLs(B,)
peT
< Cer'|DR| pp3/2112(8,,)- 6.7)

This time, we have used |DG||z2(p,) < 3||2rllz2(B,) < 3€, and the Sobolev embedding
Wt2/3 < L6 for R.
For h, being harmonic, we have the standard estimate

2
/|h|3/2dx§C(£) / 1|32 dx,
B r B,

P
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for any 0 < p < r. From (6.1), and then (6.6) and (6.7), we hence infer

IDR|L32(8,) = ||G_1DR||L3/2(B,,)
< lhllzs2,) + IDfllL328,) + ||Dlg||L3/2(B,,)

P43 L
< C(;) I2llLsr2m,y + 1D S 328,y + IID~&llL32(8,)
P43 L
= C(£) TIDRI a8, + CUDS o2,y + D &lL20s,)
o 4/3
= C(%) T IDRI L2,
+ C(e + r)r1/3(||DR||M3/z,1/2(32,) + “Dm||M3/2’1/2(32r))' (6.8)
Now we are going to derive a similar estimate for ||Dm| ;3. Hodge-decompose

S(Dm, R), i.e.
712(2RP2(RT(Dm|0) — (12]0))) = D + 1,

with & € W, *(B,,R**?), and y € W'2(B,, L(R?, R**?)) harmonic. This time, there
is no term of the form D¢, since Div of the left-hand side is 0. This would imply that ¢ is
harmonic, and so would D¢ be, which hence can be absorbed into y. We have, abbreviating
PR for the linear mapping & — 2RP2(RT(£)),
Aa = Divt Dta

= Div*[712(2RP?(RT(Dm|0) — (12]0)))]

= Div-[m12(Pr(Dm|0) — 2RP?(120))]

= (D*0) - [Pr(Dm|0)] — Div* [w12(2RP?(12(0))]

= D1Pg - Dm — Divt {2 (2RP?(1,]0))]

= Div[(D*PR)(m — mp,)] = Div[r12(2(R — Rp,)P*(120)).  (6.9)

Using the same ideas as before, and defining U := {{ € C¢°(B,,R>*?) | [DYy | 13¢5, <
1}, we estimate

||DJ‘ot||L3/z(Br) <C sup/ (Do, DY) dx
veU

€ r

— C sup / ((D-PR)(m — mp, ). DY) — (112(2(R — Rp,)P*(1]0)). D y)) dx
veU JB,

<C 5“1(3](||D1/f”L3(Br)”DPR”LZ(Br)”m —mp,|L6(B,)
+ 1DV I3, R — RB, [IL3/2(8,))
<C I;UI?J(HDV/”L%B,)”DR”LZ(Br)”Dm”L3/2(B,) + DV |38, IDRIl£3/2(8,))
€

< C(e + r)r' (DRl 32128,y + DM ag3212(8,,)- (6.10)
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Proceeding exactly as above, we find
D <C Dt 4/3
IDmll 328,y < CUlxllL32s,) + ID~lLs2e8,) + p*7)
p 4/3
= C(5) T Mtllzns, + CAD i, + )

o 4/3
= C(;) ”Dm”Ls/z(Br) + C(”DJ_OCHLNZ(B,) + p4/3)

< (2) " IDmll o + ot
+ C(e + r)r1/3(||DR||M3/2,1/2(32,) + Dmllps3/21/2(8,,))-  (6.11)
In order to do so, we have used
C7YDml|32(p,) — Cs*? < |712(2RP?(RT(Dm|0) — (12]0))) ”L3/2(BS)
< C(IDm|| 32 g, + 5*3). (6.12)
We divide (6.8) and (6.11) by p'/3 and combine them into
/0_1/3(||DR||L3/2(B,3) + [IDm|lL52(p,))

0
< Cm(”DR”LWZ(B,) + IDm||13/2(8,))

ra1/3
+Cle+ r)(;) (IDRlp3/20/2(8,,) + DI pg3/2.012(8,,)) + Cp
o r\1/3
< C(; + (s + ’)<5) )(||DR||M3/2,1/2(BZr) + [Dmlpr32.02(8,,)) + Cp.

We now assume r < g, where ¢ > 0 is yet to be determined. For formal reasons, we also
add p on both sides, which gives

p~PUIDRI| a2,y + DM La2cs,) + P
p r\1/3
<GCo P (e+r) 0 (DR pr3/2.1/2(B,,y + DMl pg3/2.1/2(B,,) + 27)
for some suitable constant Co. Now we fix p := e and & = (12Co)~*/3, making
Co(§ + (e + r)(%)1/3) = %. Abbreviating 0 := #Co’ we thus have

(er)_l/3(||DR||L3/2(39,) + Dm||3/28,,)) + O
1
= 8(||DR||M3/2,1/2(32,) + ”Dm”M3/2’1/2(BZ,) + 2r).

This holds for all By, (xo) and Bz, (x9) C w which share the same center x,. But clearly,
we can replace By, (x¢) with any ball Bs(y¢) D Bz, (x¢) which is still in w. All small-
ness assumptions made so far for B, (X() will now also be assumed for s, that is s < ¢,
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”QR”LZ(BS(J/())) < g, and ||Dm||Lz(Bs(y0)) < &. We then have
(er)_l/3(||DR||L3/2(Bg,(x0)) + IDm|| 13728y, (xo)) + 07
1
< g(”DR”M3/2’1/2(BS(yO)) + 1Dm| pr3r2.1/2(B, (yg)) T+ 5)s

which is valid for all r, s, X9, yo such that B>, (xo) C Bs(y9) C @. Then the Bg,(x¢) cover
all of Bgs/2(yo). Hence, on the left-hand-side, we can take the infimum over all feasible
r and xg, and find

Os

IDRIag3/2:172(Boy a0y + IPMIar3/2:172(8, 00000 + 5

1
< E(”DR”MWZJ/Z(Bs(yO)) + ”Dm”M3/2’1/2(Bs(yo)) +5).

We may replace s by gs and iterate this, finding

IDRIlpg32.1/2(8,, , i o)) + 1P ar32028, 4 (o))

—k
< 27°(IIDR |\ pr3/2.1/2(B, (yg)) T IPM pr3/2./2(B, (yg)) T+ 5)

log2
forall k € N. Now, for r ~ (6/2)Fs, we have k ~ 1:;%%, and therefore 2% ~ (r/s) R(2/0)

=: (r/s)P. Hence we have proven that, for all 7 < s, the estimate
IDRI[ar3/2.1/2(B, (yo)) T DM ag32:1/2(B, (3o))
< CrP(IDRyg2028,0)) + 107 llag312:172 8, 07) + 9)

holds. For xo € By/2(yo) and r < s/2, we can apply the same with B(yo) replaced by
B>, (y0) C Bs(yo), and hence find

IDR||pr3/2.172(B, (xo)) + 1D a3/21/2(8, (xo))
< CrP(IDRIlygar2172(8, (o)) + DM ar32.112(8, (500 + 9):

which implies

||DR||M3/2,1/2+3ﬁ/2(Bs/z(yo)) + ||Dm ||M3/2,1/2+3ﬁ/2(33/2(y0))

< C(IDRl|pr32.172(By (yoy) + IDMIag3/2.172(B (39)) T 9)-

This means
DR, Dm € M>/%V2¥38/2(4), (6.13)

loc

We now use the following well-known fact, which can be found in [27, Theorem 5.7], for
example.

Lemma 6.7 (Morrey’ Dirichlet growth criterion). Assume U C R" to be open, u €
I/Vl;C’p(U), Du € Mp’"7p+8(U)f0r some ¢ > 0. Thenu € C%¢/P,

loc
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With p = %, n = 2, the last estimate (6.13) and Lemma 6.7 imply R, m € Clg;ﬂ (w),
which is the Holder regularity asserted in Proposition 6.6. ]

Remark 6.8. It is essential that we are working in the critical dimension n = 2 here, even
though this may not be too obvious in the preceding proof which uses methods developed
for supercritical dimensions. But the arithmetic of the exponents crucially uses n = 2. In
particular, Lemma 6.3 for n > 2 is only available with exponents adding up to » instead of
(% %). But we would not succeed in finding similarly good estimates in the corresponding
Morrey spaces.

6.2. Higher regularity
In this subsection, we are going to complete the proof of Theorem 6.1.

Proof. Remember we have the equations

Div S(Dm, R) = 0, (6.14)
AR — QR -DR — skew(Dm o S(Dm, R))R =0,
where for £ € R3*2 we have defined
S(§, R) = m2(2RP*(RT(§,0) — (12]0))) = 712 (2RPTP(RT(§|R3) — 13)),
and
1Q&| < CIDR|.

Abbreviating L g (§) := m12(2RP?(RT(£,0))), we rewrite the first equation (6.14) as

Div Lg(Dm) = Div(r12(2RP?(RT(12]0)))). (6.15)

For every R € SO(3), Lg: R3*2 — R3*2 is a linear mapping satisfying the Legendre
condition (uniform positivity) because of

(LRr(E).€) = (112(2RP*(RT(£.0))). ) = (2RP*(RT(£,0)), (.0))
= (2P(RT(£,0)), P(RT(£,0))) = 24| RT(£,0)]* = 2A&]?,

where here A := min{u, (e, k} is independent of R, hence we have a uniformly elliptic
operator m > Div L g(Dm). For this operator, classical Schauder theory applies once it
depends Holder continuously on x through R(x). And it does, because we already know
R e Clgéﬁ for some B > 0.

We use the following version of Schauder theory. The proof is well known, a good
reference is [27, Theorem 5.19] which reads as follows.

Lemma 6.9. Let u € W22 (U, R™) be a solution to

Div(A(x) -Du) = —Div ¥,

. . .. . . af .
with A satisfying the Legendre—Hadamard condition and having its components A, S in

cX (W) for some o € (0,1). If F* € cX (W), then also Du is of class Clgf (W.

loc loc
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From what was proven in the last section, we know that both L g and the right-hand
side of (6.15) are in Clg;ﬂ locally, hence Lemma 6.9 implies that m € Clé;‘g for some 8 > 0.

This simplifies the discussion of the regularity of R, because the Dm-terms in the
equation for AR are now locally bounded. We can therefore rewrite it as

AR+ a(x,DR) =0, (6.16)

where the function a depends on R and Dm additionally, but those are locally bounded.
The function satisfies
la(x,DR)| < C(IDR|> + 1). (6.17)

Since DR € L2, this means that AR isin L!, but L! is just not enough to perform regu-
larity theory for R. However, the structure of the equation almost allows one to apply the
higher regularity theory for harmonic maps, where we could deal with C|DR|? instead of
C(IDR|? + 1) on the right-hand side. A simple formal trick will take care of that condi-
tion. Let

u(x) = (uo(x), u1(x)) == (R(x),x1)
with values in SO(3) x R. Then, letting a(x, Du) := (a(x, Duyg), 0), we have

Au + a(x,Du) =0,
where here
la(x,Du)| = |a(x,DR)| < C(IDRJ?> + 1) = C(|Duy|? + |Du;|*) = C|Du/>.

Now we can follow the regularity theory for harmonic maps for a while. Note that [45,
Lemma 3.7 and Proposition 3.2] assume u to be a harmonic map, but the proof uses
only |Au| < C|Dul? instead of the full harmonic map equation. We therefore can apply
[45, Lemmas 3.6 and 3.7, Proposition 3.2] to our u and find that Dy € L. This means
that the second term in (6.16) is in L? for all p > 1, and standard L?-theory gives us

loc

u € W2P forall p > 1. The Sobolev embedding W12 < C%1=2/ for p > 2 then gives

loc

us Du € Clgéﬂ with 8 > 0. Together with the result for 7, we now have

(m,R) € clf o for some 8 > 0.

loc

Once we have this, we can iterate the Schauder estimates, i.e. differentiate the equations
and apply Lemma 6.9 to partial derivatives of m, R instead of m and R alone. Thus we
find that (m, R) € Cllég’g for our 8 > 0 and all k¥ € N, which means we have proven that
m and R are smooth on the interior of the domain. [

6.3. Body forces

It is physically reasonable to consider the equations with an additional external body force
term in the first equation of balance of forces,

Div S(Dm, R) = f,
AR — Qg -DR —skew(Dmo S(Dm, R))R =0
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with f € W12(w, R3). By integrating in one direction and setting

X1
F(x1,X2) = ([ f(t, x2)dt | O]Rs) e R¥2,
(x0)1

we can always assume f = Div ¥. Note that & depends on the first component (xg);
of the center of the ball B, (x¢) on which we are momentarily working. We have ¥ €
WL2(w,R3*2), implying ¥ € L?(w,R3*?) for all p € [, c0). Now we may rewrite the
first equation as

Div(S(Dm,R) — F) = 0.
We will need to estimate DF, which we calculate via 1 F = (f,0) and 0,F =
(f();‘o)1 92 f(t, x2) dt, 0). The latter gives

X1 3/2
/ 10,7 |>/2 dx = D f(t,x2)dt|  dx
B, (x0)1
[ (/‘(Xo)1+m 3/2
< |02 f(t, x2)|dt) dx
» \J (x0)1—+/r2—x2
(x0)1++/r2—x3
< Cr1/3/ / 10, £ (2. x2)|>/? dtdx
(x0)1— r2_x2
< Cr4/3[ 195 1?2 dx.
Since we can always assume r < 1, we have proven
IDF 32 < CIlf e (6.18)

The regularity theory for the more general equation including forces goes pretty much
along the lines of the = 0 case presented in Section 6.1. We only indicate the necessary
modifications. We rewrite (6.2) as

Af = Q6 .G 'DR+G™! skew(Dm o(S(Dm, R) — 37))R + G~ skew(Dm o )R.

In (6.6), we replace ||S(Dm, R)||12(p,) by [|S(Dm, R) — ¥ ||L2(s,). Choosing the radius
of B, sufficiently small, we can also assume that || ¥ ||z2(p,) < &, hence we can estimate
| S(Dm, R) — F||12(p,) by C(e + 1) just as we did for ||S(Dm, R)||12(p,) in (6.6). But we
also have an additional term on the right-hand side of that estimate. Using the boundedness
of G™! and R, it is estimated as follows, also assuming || ||.3(p,) < &. We have

sup/ (G~ skew(Dm o F)R, ¢) dx
€T J B,

= C sup r= Y3 Dml| 32 g 1F L3y 2 ll@llLoecs,)
[}S]

< Csup DMl pg3/2.02 1 F |38,y 2 ID@ L3 (8,
e

< Cer'3||Dm||3y3/2.1/2,
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which can be absorbed into the right-hand side of (6.6). Hence the conclusion of (6.6)
continues to hold in the ¥ # 0 case also.

The second modification we have to make is that we now Hodge-decompose S(Dm,
R) — ¥, which means

712 (2RP?(RT(Dm|0) — (12]0))) — F = Do + .

The additional term involving ¥ on the right-hand side of (6.9) would be — Divt ¥,
which can be rewritten as — Div-(F — Fp.). In (6.10), (¥ — Fp,) can be processed
exactly like (R — Rpy), resulting in an additional Cr[|DV/||z3(g,)|DF || 13/2(5,), which
can be estimated using (6.18) and ¢ € U as follows, making the additional smallness
assumption || f'||w12(p,) < € forr:

CrIDY L3 IDF 528,y < Crllflwisng,y < Cril| fllwias,) < er®/>.

This additional term in (6.10) now contributes to the right-hand side of (6.11), but here
enlarges only the 74/3 and p*/3 terms that are there anyway. By the same argument, taking
¥ into account also contributes only to more s4/3 terms in

C7'IDm|| 325,y — Cs*? < || m12(2RPZ(RT(Dm|0) — (12]0))) — F HL3/2(BS)
< C(IDm|| 32, + 5*).
which updates (6.12). Hence the contributions of the modified versions of both (6.10) and
(6.12) do not change the conclusion of (6.11).
Now that we have adapted (6.6) and (6.11) to nonvanishing body forces, we can con-
clude Holder continuity just as at the end of Section 6.1, under the weak assumption of f
being in W2 If we assume f € C* instead, both f and ¥ are bounded, and the higher

regularity proof from Section 6.2 goes through with hardly any modification. Note, for
example, that (6.17) continues to hold.

6.4. Remarks on a special case

Our system simplifies considerably when y = . = «, which makes P the identity.® Even
though this assumption is not too natural from the viewpoint of applications, we would
like to comment briefly on that case.

The simplified variational functional now reads

E(m, R) == / W RT(Dm|Rs) — L3> + [DR[ dx
w
=[M|RT(Dm|R3)—RTR|2+|DR|2dx
w

- / 1/(Dm|0) — (R1|R2|0)[2 + [DR|2 dx,
w

8This case corresponds to it = A = y. in the Cosserat bulk model and Poisson number v = m = %
(nearly satisfied for magnesium).
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which has the Euler-Lagrange equations (cf. (5.2))
Am —Div(R{|R;|0) =0 (6.19)
and

AR — QR -DR + uR skew(RT(Dm|0)) = AR — Qg - DR + uskew((Dm|0)RT) - R
—0. (6.20)

The point here is that the last term in the second equation now depends on Dm only lin-
early, making it an L2-term instead of L! (the L!-part is cancelled by the skew-operator).
But harmonic-map-type equations with a right-hand side in L? have been studied by
Moser in quite some generality; see the book [45] for an excellent exposition of the meth-
ods.

In particular, Moser has two theorems that help us. Here, N C R” is a compact man-
ifold, U c R? a domain, and II is the second fundamental form of the target manifold,
which corresponds to our term quadratic in DR, i.e. _; II(u)(d;u, 0;u) = €2, - Du in our
case.

Theorem 6.10 ([45, Theorem 4.1]). Suppose u € W2(U, N) is a stationary solution of

Au =) 1) (9;u. du) = f.

in U, for a function f € L?(U,R"™), where p > % and p > 2. Then there exists a relatively
closed set ¥ C U of vanishing (d—2)-dimensional Hausdorff measure, such that u €
c (U\ X, N) for a number a > 0 that depends only on m, N, and p.

loc

Theorem 6.11 ([45, Theorem 4.2]). Under the assumptions of the previous theorem, if
n <4and p =2, wealso have u € W2> N WU\ =, N).

loc loc

While those theorems are highly nontrivial, it is standard to deduce regularity of the
solutions to our model in the special case considered here.

Theorem 6.12 (Interior regularity for & = . = k). Any solution (m, R) € W12(w,R3 x
SO(3)) of the simplified problem (6.19)—(6.20) is smooth on the interior of the domain .

Proof. We first consider equation (6.20). Since — R skew(RT(Dm|0)) € L2, we can apply
Theorems 6.10 and 6.11 to find R € C2* N W22 (w, SO(3)). Note that ¥ = @ here, since

loc loc
its zero-dimensional Hausdorff measure vanishes. Similarly, by L2-theory for (6.19), we

have m € W;2*(w, R3). By the embedding W22 <> W4 forall g € [2, 00), we find that

loc

Am and AR are in L?oc for every g < oo, hence (m, R) € ngc’q (w,R3 x SO(3)) for all

q < oo. This, in turn, embeds into Ckl);“ for all « € (0, 1), and hence the right-hand sides

are Holder continuous. From here, we can use Schauder estimates to show that (i, R) is

o0
Co onw. [
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7. Conclusion and open problems

We have deduced interior Holder regularity for a Dirichlet-type geometrically nonlinear
Cosserat flat membrane shell. The model is objective and isotropic but highly nonconvex.
Therefore, our regularity result is astonishing and shows again the great versatility of the
Cosserat approach compared to other more classical models. At present, we are limited to
treating the uni-constant curvature case |DR|?, since only then can sophisticated methods
for harmonic functions with values in SO(3) be employed. This calls for more effort from
researchers to generalize the foregoing. Progress in this direction would also allow one to
consider the full Cosserat membrane-bending flat shell [9,49-51]. Another case warrants
further attention: taking the Cosserat couple modulus p. = 0 in the model (in-plane drill
allowed, but no energy connected to it) may still allow for regular minimizers. However,
even the existence of minimizers remains unclear at present since it hinges on some sort
of a priori regularity for the rotation field R (the nonquadratic curvature term |DR|?>*¢,
& > 0, together with zero Cosserat couple modulus p,. = 0 allows for minimizers [48,53]).
Finally, it is interesting to understand regularity properties of Cosserat shell models with
curved initial geometry [25,26].

We expect some boundary regularity to hold too. On the geometric analysis side, an
adaptation of Riviere’s boundary methods to problems with continuous Dirichlet boundary
data has been performed in [46], which one could try to use. But with a view towards
applications, partially free boundary problems would probably be more interesting.

Appendix

A.1. Three-dimensional Euler-Lagrange equations in dislocation tensor format

Here, for the convenience of the reader we derive the three-dimensional Euler—Lagrange
equations based on the curvature expressed in the dislocation tensor « = RT Curl R. We
can write the bulk elastic energy as

E®(¢.R) = [u Wanp(T) + Waisoe(@)dx, U = RTDg, o = RTCurlR. (A.1)
Taking variations of (A.1) with respect to the deformation ¢ € C$°(U, R?) leads to
SE®(¢,R)-8¢ = [u(Dme(U), RTD8@)g3x3 dx = 0
— /u(RDme(l_/),D&p)Raxa dx = [u(Div[R DWpp(U)], 8) g3 dx = 0.
Taking variation with respect to R € SO(3) results in (abbreviate F' := Dg)

S8E™(¢, R) - SR = [u (DWino (1), 6RTF)
+ (DWyisioc (@), SRT Curl R + RT Curl 6R) dx



Geometrically nonlinear flat Cosserat micropolar membrane shell with curvature 193

_ /:u(Dme(U), SRTR - RTF)
+ (DWiisioc (@), SRTR - RT Curl R + RT Curl §R) dx
= /U(Dwmp(ﬁ) -UT,8RTR)
+ (DWiigoe (@), SRTR <ot + RTCurl $R)dx = 0.  (A.2)
Since RTR = 13, it follows that SRTR + RTSR = 0 and 6RTR = A € s0(3) is arbitrary.
Therefore, (A.2) can be written as
0= [ (DWan(@)- U7, )+ (DWat@) a7, 4) + (DWie (o). RT Curl(RAT) b
forall A € C5°(U, $0(3)). Using that Curl is a self-adjoint operator, this means
0= /u (DWop(U) - UT + DWeigoc (@) T, A) + (Curl (RD Wyigioe (), RAT) dx
= [u (DWup(U) - UT + DWigtoc ()T — RT Curl(RDWigioc (), A) dx.

Thus, the strong form of the Euler—Lagrange equations reads

DiV[RDme(U)] =0, “balance of forces”,
skew[RT Curl(RDWisioc ()] = skew(DWinp(U) - UT + DWoigioe (@) - &), (A.3)

i

“balance of angular momentum”.
Defining the first Piola—Kirchhoff stress tensor
S1(Dg, R) = Dr[W,i)] = RDWinp(U) = R - Toi(U), (A.4)
where the nonsymmetric Biot-type stress tensor is given by
Tpior = DWinp(U), (A5)
allows one to rewrite system (A.3) as

Div S;(Dg, R) = 0,

— A.6
skew[RT Curl(RD Wigioc (@0))] = skew(Tgiot(U) - UT + DWeigioc () - 7). (A.6)

Observe that (A.6); is a uniformly elliptic linear system for ¢ at given R. It is clear that
global minimizers ¢ € W12(U,R?) and R € W12(U, SO(3)) are weak solutions of the
Euler—Lagrange equations.

If DWpigioc () = 0 (no moment stresses) then the balance of angular momentum turns
into the symmetry constraint

DWnp(U) - UT € Sym(3).

A complete discussion of the solutions to this constraint can be found in [56,57].
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A.2. Two-dimensional Euler-Lagrange equations: Alternative derivation

Our energy functional is

EP (. R) = [ (uldevsym(RTOm|Ra) — 12) + pclskew(RT (Dl Rs) ~ 1)
w

n gtr(RT(Dm|R3) —13)? + |DRJ?) dx
:/(|]P(RT(Dm|R3)—]l3)|2 + IDRJ?) dx
— [ (P(RTOmIRY) ~ 1) +10,RP + |3, RP) ox. (A7)

Taking free variations with respect to the midsurface deformation m in the direction of
¥ € C{°(w,R?) leads to

SE™®(m,R) -89 = / 2(P(RT(Dm|R3) — 13), P(RT(D?]0)))gaxs dx

[0

2(PTP(RT(Dm|R3) — 13), (RT(DP]0)))gsxs dx

(2RPTP(RT(Dm|R3) — 13), (DB]0)) g3 dx

(N12(2RPTP(RT(DI’H|R3) - ]13)), DZ}) 2 dx

R3x%

I
ST

(Div 712 (2RPTP (RT(Dm|R3) — 13)), 9 ) dx = 0.

Thus the strong form of balance of forces can be expressed as
Div S(Dm, R) = 0,
where
S(Dm, R) = 712(2RPTP(RT(Dm|R3)) — 13) = m12(2RPTP(RT(Dm|0) — (12]0)))
is the first Piola—Kirchhoff-type force—stress tensor and, abbreviating U := RT(Dm|R3),
T(Dm, R) = 2PTP(RT(Dm|0) — (1,]0)) = 2PTP(RT(Dm|R3) — 13)
= 2 devsym(U — 13) + 2. skew(U — 13) + 2?" tr(U —13)-13  (A.8)
is the nonsymmetric Biot-type stress tensor (symmetric if ., = 0). We note the relation
S(Dm, R) = m12(R - T(Dm, R)),

resembling relation (A.4).
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For balance of angular momentum we proceed similarly, but need some preparation.
It is clear that

(R + 8R)T(Dm|(R + §R)es) — 15
= RT(Dm|R3) — 15 + RT(0|0|8R3) + (SRT(Dm|R3)) +8RT(0|0|5R;).

linear increment

Therefore, taking variations of the energy with respect to R leads to

SE*®(m,R) -8R = / (2(P(RT(Dm|R3) — 13), P(RT(0|0|3R3) + $RT(Dm|R3)))
’ + 2(dx R, 0x8R) + 2(d, R, 3,6R)) dx = 0.
Since RTR = 13, we have 6RTR + RT6R = 0, hence 6R = RA for A € s0(3) arbitrary.
Therefore the latter turns into
/ (2(PTP(RT(Dm|R3) — 13), RT(0]0|(RA)e3) + (RA)T(Dm|R3))
. 2(07R. RA) —2(97 R, RA)) dx

— / 2((PTP(RT(Dm|R3) — 13), A(0[0|es) — ART(Dm|R3)) — (2AR, RA)) dx

- / (2(PTP(RT(Dm|R3) — 13), —A(RT(Dm|Rs) — (0]0]e3)))
— (2RTAR, A)) dx

(2(PTP(RT(Dm|R3) — 13), ART(Dm|0)) + (2RTAR, A)) dx

((2PTP(RT(Dm|R3) — 13)(Dm|0)TR, A) + (2RTAR, A)) dx = 0 (A.9)

e

forall A € C§°(w, s0(3)). This implies the stationary condition in strong form
skew(2RTAR) = — skeW(ZIP’T]P’(RT(Dm|R3) —13)- (Dm|0)TR)
=— skeW(ZIP’TIP’(RT(Dm|O) — (1,]0)) - (Dm|O)TR)
= —skew(7' (Dm|R) - (Dm|0)TR), (A.10)

where T is defined in (A.8);.
For PTP = p - 1 the last equation simplifies to

skew(2RTAR) = —u skew(2RT(Dm|0)(Dm|0)TR — (12]0)(Dm|0)T R)
= 21 skew((12|0)(Dm|0)T R)
= 2u skew((Dm|0)TR) = —2u skew(RT(Dm|0)).
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We can also rewrite (A.9)s as
0= /(2(PTP(RT(Dm|R3)—]13)(Dm|O)T,ART) +2(AR, RA)) dx
= /w(2((IP’T}P’(RT(Dm|R3)—]13)(Dm|0)T)T,RAT)+2(AR,RA)) dx
= /w(z((Dm|0)(1P>TP(RT(Dm|R3)—ﬂ3))T,RA)+2(AR,RA))dx

forall A € Cy°(w, s0(3)), which is equivalent to
AR — (Dm|0)(PTP(RT(Dm|R3) — 13))T L Tz SO(3). (A.11)

Since
(PTP(RT(Dm|R3) — 13))" = (PTP(RT(Dm|0) — (12]0)))"

= PTP((RT(Dm|0)(1|0))T),
we may express (A.11) also as
AR — (Dm|0)PTP((Dm|0)TR — (1,]0)) L Tg SO(3). (A.12)

This is the form for balance of angular momentum given in equation (5.3).

A.3. Lifting to the A -operator

This last equation (A.12) is not, however, the final form of the balance of angular momen-
tum equation that we will consider. Indeed, since RTR = 13, we can differentiate once to
obtain

(0xR)TR+ R"9xR=0, (3,R)TR+ RT0,R =0.

Taking second partial derivatives, we get
(2R)TR + (0xR)TIx R + (0xR)Tx R + RTI2R = 0,
(2R)TR + (dyR)TO, R + (3, R)T0, R + RTOZR = 0.
Summing shows

(AR)TR + RTAR + 2((0xR)TxR + (9, R)TdyR) = 0
< 2sym(RTAR) + 2[(0:R)T0 R + (9, R)Tg] = O,
sym(RTAR) = —[(3,R)T9xR + (3, R)Td, R]. (A.13)

From (A.10) we have
skew(2RTAR) = —skew(T (Dm, R)(Dm|0)TR). (A.14)
Adding (A.13), and (A.14) yields, due to the orthogonality of sym and skew,

2RTAR = sym(2RTAR) + skew(2RTAR)
= —2[(0xR)T0x R + (3, R)T9y R] — skew(T'(Dm, R)(Dm|0)TR).
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Hence, using the isotropy of the skew-operator, we obtain

2AR = —2R[(3xR)Tdx R + (3, R)Td, R] — R skew(T(Dm, R)(Dm|0)T R)
= —2R[(0xR)TdxR + (y R)Tdy R] — R skew(RTRT (Dm, R)(Dm|0)TR)
= —2R[(3xR)Tdx R + (3, R)Tdy R] — RRT skew(RT (Dm, R)(Dm|0)T) - R
= —2R[(0xR)T3xR + (3, R)Tdy R] + skew((Dm|0)(RT (Dm, R))T) - R
= —2R[(0xR)T3xR + (3, R)T0, R] + skew((Dm|0)[(w12(RT (Dm, R)))]") - R
= —2R[(3xR)T3x R + (3, R)Tdy R] + skew(Dm - S(Dm, R)T) - R, (A.15)

giving
1
AR = —R[(0xR)TdxR + (0, R)TO, R] + > skew(Dm - S(Dm, R)T) - R
= —R[(0xR)Tx R + (3, R)T0y R] + skew(Dm o S(Dm, R)) - R,

where we used the definition of o given in equation (5.4).
We set

—R[(0xR)TOxR + (3, R)Td,R] = —RI,RT -0, R — RI,RTd,R =: Qg - DR,
(2Rr)1 = —ROxRT € 50(3), (RR)2:= —R0,RT € 50(3).

With this definition, (A.15) can be written as

AR = Qg -DR — R skew(T (Dm, R)(Dm|0)TR). (A.16)
——
eLl(w) eLl(w)

Considering the special case PTPP = p - 1, equation (A.16) turns into

AR = Qg -DR + uR skew((Dm|0)TR) = Qg - DR — R skew(RT(Dm|0)) .

eL2(w)

We finally observe that
RT(QRr)iR=—(0; R)TR=RTO; R, i=1,2,
which implies for I'; = ax1(RT0; R),
RT(QR)i R = Anti(I';), axl(RT(2R):R) = I,
where I" is the wryness tensor from equation (4.2).

A.4. A glimpse of a Reissner—Mindlin type flat membrane shell model

It is interesting to compare our Cosserat flat membrane shell model (allowing for existence
of minimizers and their full regularity) with one that would appear closer to classical
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approaches. For this sake we consider a Reissner—-Mindlin flat membrane shell model
next.

In the case of the one-director geometrically nonlinear, physically linear Reissner—
Mindlin flat membrane shell model without independent drilling rotations, the problem
can be described as a two-field minimization for the midsurface m:w C R? — R and the
unit-director field d: @ C R? — S? of the elastic energy’

1 2ui
El%];ssner(m, d) = / { |DmTDm -1 |2 +§ 2 i 1 tr(DmTDm — ]12)2
[0} —f_‘ +

in-plane stretch elongational stretch

nonelliptic

(. dym)? + (d. dym)?) + pe |w|2}

curvature

transverse shear

Here, the membrane energy part is not rank-one elliptic due to the presence of the mem-
brane strain DmTDm — 1,. The uni-constant curvature energy could be generalized to the
Oseen—Frank form; cf. Section 3.1. We note that (d, d,m)* + (d, d,m)*> = |DmTd|,,
and, for simplicity, consider the energy

1 1 1
/ (-|DmTDm — La|goxe + = IDmTd|%, + —|Vd|2) dx
2 2 2
1 1 1
_ / (51Dl T — 152 + - [DmTd P + 5|V [?) dx
L2 2 2

The Euler—Lagrange equations are then given by

SEX  (m,d)-8m

Reissner

= / (2((Dm|ny)T (Dm|ny) — 13, (Dm|ny)T(D8m|0)) g3~
+ (DmTd, (D§m)Td )g2) dx

(((Dmnm) - 2((Dm|nm)T(Dm|ngm) — 13), (D5m|0)) gaxs
+ (DmTd ® DémTd, 15)g2x2) dx

(((Dmlnm) - 2((Dmny)T(Dm|np,) — 13), (DEm|0))gaxs
+ ((DmTd ® d)Dém, ]lz)szz) dx

= /(mz((Dm|nm) -2((Dm|ny)T(Dm|ny,) — ]l3)) +d ® DmTd, D8m)]R3X2 dx

The missing Reissner-Mindlin bending contribution scaling with 4> would be of the form [49, (7.25)]

uA
2u+ A

Here, no choice of constitutive parameters reduces the bending energy to the uni-constant case.

h3
35 {ulsym(@mld)T a0} +

tr(sym((Dm\d)T(Dd|0)))2}.



Geometrically nonlinear flat Cosserat micropolar membrane shell with curvature 199

=— / (Div[nlz((Dm|nm) - 2((Dm|ny,)T(Dm|ngy,) — ]13))
¢ +d @ DmTd |, 8m)g, dx
=0

for all §m € C{°(w, R?). Here, we can define the first Piola—Kirchhoff-type stress tensor
S(Dm,d) = m12((Dm|ny) - 2((Dm|nm)T(Dming) —13)) + d @ DmTd.
For variations with respect to d € S? we note that
|d +8d|> =1 < |d|* +2(d.8d) +|6d|* = 1.

Hence, the variation 8d is orthogonal to d, i.e. (d, 8d) = 0. Without loss of generality,
we express 8d as §d = d x 8v for some Sv € CS°(w, R?). Therefore, taking variations
with respect to d gives

SED o(m.d)-8d = / (Vd.V5d) + (DmTd, DmT8d) dx = 0

[0

= —/ (Ad,d x §v) + (DmDmTd,d x §v)dx =0

—= / —(Ad, Anti(d)év) + (DmDmTd, Anti(d)sv)dx =0

= / (Anti(d)Ad, v)g3s — (Anti(d ) DmDmTd, v)dx = 0
w

for all Sv € C§°(w, R3). The latter leads to the strong form
Anti(d)(Ad —DmDm"d) =0 <= d x (Ad —DmDmTd) = 0. (A.17)

However, since d € S2, we know |d |2 = 1. Therefore, in addition, taking partial deriva-
tives, we obtain
(0xd,d) =0, (dyd,d) =0.

Taking second partial derivatives yields
(02d,d) + (3xd,d,d) = 0, (aid,d) +(0,d,0,d) =0.
Summing shows
(Ad,d) + |0xd > + |0,d|* = (Ad,d) + |Dd|* = 0. (A.18)

Adding (A.17) and (A.18) shows

dxAd = dxAd+(d.Ad) =dxDmDmTd)—|Dd|?.
—_—— ~——

geometric product, Clifford product eR3 eR
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Formally, this implies

Ad % [d x (DmDmTd) — |Dd .

_d
CldP
In terms of equations, we have altogether from (A.17); and (A.18), respectively

Anti(d)Ad = DmDmTd, (d,Ad) = —|Dd|?,

Anti(d) ) (Ad) _ (DmDde) A19
(d1 dr das)\ | —pdP ), A1
— —

=:AcR4x3

We multiply (A.19) by AT to get

equivalently

Since in fact
ATA = |d|)? 15 =13,

we obtain the system of Euler—Lagrange equations
DivS(Dm,d) = 0, “balance of forces” (A.20)

with the first Piola—Kirchhoff-type stress tensor
S(Dm,d) = w12((Dm|ny) - 2((Dm|nm) T (Dm|ng) — 13)) + d @ Dm'd,

and

.
Ad = (- Anti(d)|d )gaxs (D’"Dm d)

—|Dd?
= — Anti(d)(DmDmTd) — |Dd |* - d “balance of director equilibrium”

= —d x (DmDmTd) —|Dd|? - d. (A21)
N——— —

eL?(w,R3)

We observe that (A.20) constitutes a nonlinear, nonconvex problem for the midsurface m
once the unit director d is determined. Therefore, existence for (A.20), (A.21) is not yet
known and likely not true. We note that the right-hand side in (A.21) contains an L?(w)-
term, since Dm € L*(w) instead of our L!(w)-term in equation (A.16). For Dm = 0 we
recover from (A.21) the director equilibrium for the uni-constant liquid crystal problem
equation (3.4).
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A.5. Numerical experiments

We present a sequence of numerical experiments for problem (A.7). In these experiments
we compare the dimensionally reduced energy (4.5) (where the transverse shear energy
is multiplied by the arithmetic mean of p and p.) to the energy (4.6) of the rigorously
derived I'-limit membrane model (where the transverse shear energy is multiplied by the
harmonic mean of  and j.). We set the Lamé parameters to u = 2.7191 - 10*, A =
4.4364 - 10*, and vary p. and L.

For the domain we choose the unit disk, which we discretized by 6 - 4% = 24,576
triangular elements. We used Lagrange finite elements of second order for the midsurface
deformation m and geodesic finite elements of second order for the microrotation field R
[47,66,68].

To trigger the deformation process, we radially compressed the membrane to a new
radius r < 1 by Dirichlet boundary conditions for the deformation on the entire domain
boundary. The microrotation field was not subject to Dirichlet boundary conditions at all.
We minimized the discrete energy using a trust-region method [68] starting from the cap
function mo(x, y) = (x,y,0.1 —0.1y/x2% + y?) for all (x, y) in the interior of the unit
disk and mg(x, y) = (rx, ry,0) on the boundary. The initial microrotation was R = 1.
We conducted several simulations resulting in different wrinkle patterns depending on
the Cosserat couple modulus p. and the characteristic length L. as shown in Tables 1,
2, and 3. The numerical algorithms were implemented in C++ using the DUNE libraries
(www.dune-project.org) [67].

From the figures one can see that wrinkling only happens if the characteristic length L.
is small enough. Indeed, if L. = 1073 then the deformation is largely bending dominated,
with small wrinkles only appearing next to the boundary, if (. is large enough. With
smaller values of L. one can see wrinkling in larger parts of the domain, even if the radial
compression factor r is much smaller. Note that the choice . = 0 does not lead to a
well-posed problem when used in the energy (4.6), because there it makes the transverse
shear energy term disappear.
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Arithmetic mean (4.5) Harmonic mean (4.6)

e =0 Not well posed

pe =10"2p ’
r=209

pe =1072p ’
r=209

Table 1. Deformation of a radially compressed shell with L. = 1073, Simulations by Lisa Julia
Nebel and Oliver Sander (TU Dresden).

Arithmetic mean (4.5) Harmonic mean (4.6)

e =0 Not well posed
r =0.98
MC ) 10_2/1/ ‘ ‘
r=0.91 r=0.94
He =1
r=20.9

Table 2. Deformation of a radially compressed shell with L. = 107> Simulations by Lisa Julia
Nebel and Oliver Sander (TU Dresden).
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Arithmetic mean (4.5) Harmonic mean (4.6)

He =0 Not well posed
r=0.99
fe =107
r=0.99 r=0.99
He = |

r=0.99

Table 3. Deformation of a radially compressed shell with L, = 10~8. Simulations by Lisa Julia
Nebel and Oliver Sander (TU Dresden).
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