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1 Contents

Introduction

The Encyclopedia Britannica describes elasticity as the “ability of a deformed material body to return
to its original shape and size when the forces causing the deformation are removed”. The theory of (non-
linear) elasticity provides a mathematical framework to model the response of different elastic materials
under given loads. The elastic body is generally modeled as a continuum, thus the theory is concerned
with the macroscopic effects rather than the underlying microscopic mechanism of atomic bonding that
causes the elastic behavior.

To this day, there exists no mathematical model which correctly describes the entirety of elastic behavior.
In fact, precise description of physical materials as ideally elastic is not even possible because of various
interfering effects like thermodynamics, plasticity, and microscopic structures. Thus in a real-world
scenario, there is no material response which is a purely elastic continuum behavior. Therefore, for
the concept of elasticity, it is crucial to find a reasonable simplification that is capable of expressing an
approximate description of the actual physical behavior. For an ideal theoretical elastic material, all other
mentioned effects are left out and the act of deforming a body is reduced to its resulting configuration to
omit time-dependency.

Shell theory is the basic of the first Part in this dissertation. Shells are formed from two curvy layers
with a common inner surface in between with a very small thickness. We note that the thickness in one
direction is much more smaller than the two other dimensions which are orthogonal to the direction of
the thickness. The theory of shells is similar to the theory of plates with more specification like curvature.
The thickness of the shell can play a role to effect the boundary and external loads.

In the first part of this dissertation we consider a three dimensional Cosserat model and derive a curvy
shell model with small thickness. By applying the nonlinear scaling for both deformation field ¢ and the
microrotation R, we obtain the homogenized membrane energy W,,,. The homogenized curvature energy
Weurv 18 obtained separately in the second chapter of the first Part. A combination of these homogenized
energies and applying the concept of I'-convergence will lead us to find a minimizer for the sequence of
energies as the thickness leads to zero.

In the second part, we discuss some properties of the scenes of minimal surfaces. Minimal surfaces are
defined as surfaces with zero mean curvature, which a parametrized minimal surface satisfies in Lagrane’s
equation. For many years the only known complete, embedded minimal surfaces of finite topology were
the catenoid and helicoid which we disscused about them in section 7.5. In this chapter we also assume
that an in-plane drill rotation is the deformation mapping from a smooth regular shell surface to another
which is parameterized on the same domain and we show that this is not possible unless all rotations at
a portion of the boundary are fixed.

Publications

This dissertaion is based on the following papers which respectively are published, submitted and in
preparation:

e M. Mohammadi Saem, P. Lewintan and P. Neff. On in-plane drill rotations for Cosserat surfaces.
The Royal Society Publishing (2021) [78].

e M. Mohammadi Saem, I.D. Ghiba and P. Neff. A geometrically nonlinear Cosserat (micropolar)
curvy shell model via Gamma convergence. arxive (2022) [102].

e [.D. Ghiba, M. Mohammadi Saem and P. Neff. On the choice of third order Cosserat curvature
tensors in the shell model. in preparation (2022) [55].






Glossary

R-i— = (Oa OO)
R= [—OO, OO]
Rnx7

GL(n) = {X € R"*"| det X # 0}
03) ={X e R | XTX =13}
SO3) = {X e R¥3| XTX = 13, det(X) = 1}
s50(3) = {X e R¥»3 | XT = - X}
QCR”

Qn, CR™

p: 2 —R"

F =V¢ = (pia,) € GL"(n)
tr X = (X, 1)

(X)Y) =tr(XYT)

IX1 = (X, X)}

devX =X — L tr(X)1

sym X = % (X+XT)

skew X = % (X —XT)

Cof F =det F-F~T

axl A

Anti (v)

Ly A

He

the set of positive real numbers

the set of all real numbers including —oo, 400

the set of all real n x n matrices

class of invertible matrices

class of orthogonal matrices

class of special orthogonal matrices

class of skew-symmetric matrices

reference configuration

fictitious flat Cartesian configuration

deformation mapping

deformation gradient

trace of X

the standard Euclidean scalar product

the associated norm to the Euclidean scalar product
deviatoric (trace-free) part of X € R™*"

symmetric part of X

skew-symmetric part of X

cofactor of F' € GL"(n)

canonical identification of A € s0(3) and axl A € R?
the inverse of axl on the vector v

elastic Lamé parameters, p shear modulus

Cosserat couple modulus

internal length
bulk modulus, Kk = 3’\%2“
the thickness of a thin shell
harmonic mean

rotation matrices

mean curvature

Gauss curvature

the Jacobian matrix of matrix X






Preliminaries

This section contains some of the required definitions and concepts which are used in this dissertation.

0.1. Vectors

Definition 0.1.1. Let a,b € R™ be two vectors. We denote the scalar product on R™ with
{(a,bygn = ZGZ i, and |a|* = (a,a). (0.1.1)
i=1

Assume that a = (a1, a2,a3) and b = (b1, b, b3). The cross product of the two vectors a, b is expressed
by the following determinant

+ - +
a X b=det ay az a3z | = ((12173 — agbg)i — ((Zlbg — agbl)j + (a1b2 — Gle)k, (012)
b1 by b

which is a perpendicular vector to the plane which contains the vectors a, b. If the vectors a, b are parallel,
then a x b = 0. Moreover, the cross product is anti-commutative, that is a x b = —(b x a). The following
properties hold for vectors a,b,c,d € R3:

e (a,(bxc))=(b(cxa))={c(axb)),

e ((axb),(cxd)={a,c)bd) — (a,d)b,c),

eax (bxc)="bla,c)—cla,b), (0.1.3)
o (axb)x(axc)={a,(bxc)a.

0.1.1. Some inequalities in vector spaces
Remark 1. (Young’s inequality) For every a,b > 0, it holds

p q
ab< L4V (0.1.4)
P q

for % =+ é =1 with p,q > 1. Another version can be seen like

1 £
b< —a?+ 1> 0. 0.1.5
ab< o-a®+ 507, £ > (0.1.5)

The generalized Young inequality is
n n 1
[[a<>
i=1 i=1 Z
with p; > 1, Zkl - =1, fori=1,-

Remark 2. (Cauchy-Schwarz inequality) For vectors x,y € R™, it holds

[z, 9| < lzlllyll- (0.1.6)
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0.2. Matrices and related spaces

Definition 0.2.1. Assume that X € R3*3 is a quadratic matrix. We denote the transpose matrix of X
by X7 and it is defined as follows

11 Ti2 13 T11 T21 T31
T
X=|za x22 23|, X' =212 w2 32|, (0.2.1)
31 X32 T33 13 X23 T33

and XT € R"*". It can be seen that, (X7)T = X. Regarding to the transpose matrix of any matrix X,
we have the two following definitions

1 1
symX i= o (X + X7y, skew X = (X — X7, (0.2.2)

where sym X and skew X denote the symmetric and the skew symmetric part of X, respectively. Conse-
quently, one has the following orthogonal decomposition for any matrix X € R™"*™

X =sym X + skew X . (0.2.3)
The deviatoric part of X is defined by
1
devX =X — —tr(X)1,, (0.2.4)
n

where 1,, is the n X n identity matrix in R™®*". By definition it holds tr(dev X)) = 0 and therefore the
deviatoric part is known as trace free part of X. We have the following orthogonal decomposition for any
matrix X € R™"*" as well

1
X =devsym X + skew X + —tr(X) 1,,. (0.2.5)
n

In the following we introduce some sets of matrices which will be used in this dissertation. The set of all
invertible matrices is denoted by GL(n) and is defined

GL(n) := {X € R™"| det X # 0}. (0.2.6)

GL(n)™ denotes the set of all invertible matrices with positive determinant. The following sets are all
subsets of GL(n) and defined

O(n) :={X eR™" | XTX =1,},
the orthogonal group,
SO(n) = {X e RV | XTX =1, ,det(X) =1}, (0.2.7)

the special orthogonal group (where in linear transformation each element in this group acts as a rotation)
and

so(n) = {X e R""| XT = - X}, (0.2.8)

the set of skew symmetric matrices. A quadratic n X n matrix X is symmetric positive definite, if it is
symmetric and for all nonzero vectors £ € R™, we have

(XE,€)>0. (0.2.9)

Definition 0.2.2. For two n x n matrices X, Y, the standard Euclidean scalar product is given by
(X,Y)gnxn = tr(XYT), (0.2.10)
and the associated (squared) norm is
X [Zrxn = (X, X)gnxn . (0.2.11)

Therefore, for any matrix X € R™ ", tr(X) = (X, 1, )gnxn. By using the fact that tr(X) = tr(X7), we
see

(X,) =tr(XYT) = (XYT,1) = (1, XTY) = tr(XTY) = (XTY,1) = (Y, X) . (0.2.12)



7 0.2. Matrices and related spaces

Definition 0.2.3. The canonical identification of s0(3) and R? is denoted by axl X: s0(3) — R3. By
using the standard vector product we define (axl X) x £ = X .¢ for all vectors ¢ € R3, such that

0 —X3 ) Iy I 0 —X3 xIo
axl | z3 0 —-x1|:=|x22], Anti | zo | := | x3 0 -z, (0.2.13)
—XT2 I 0 I3 T3 —XT2 T 0

where the inverse of axl is denoted by Anti: R® — s0(3).

0.2.1. Cofactor of a matrix

Definition 0.2.4. Let A be a n x n square matrix. The minor A;; of the i-th row and j-th column is
the determinant of the submatrix of A which is formed by deleting the i-th row and j-th column of the
original matrix A. _

The (i, j) cofactor is obtained by A;; = (—1)"7 det(A;;), i,j = 1,...,n. By the cofactor matrix of A we
mean the n x n matrix Cof A, in which the (¢, ) entry is ,Z”

For example, in the case n = 3 we have

a1 a2 a3 (22033 — 023032 (23031 — (21033 (210432 — (22031
A= |aa azx ax| = Cof A= [assaiz —aizass ai1ass —aizas1 ai2asr —ariase | . (0.2.14)
az1 asz2 ass a12a23 — 13022 Q13021 — 411023 A11G22 — A12021

Lemma 0.2.5. Assume that A € R"*", then
A(Cof A)T =det A - 13. (0.2.15)
Corollary 0.2.6. Let A € GL(n). Then
A(Cof A)T =detA-1 <= CofA-AT =detA-1 <+= CofA=detA-A"T. (0.2.16)
Lemma 0.2.7. (Nanson’s formula) Let A € R3*3 and a,b € R®. Then,
(Aa) x (Ab) = (Cof A)(a x b), (0.2.17)
where a X b is the cross product between two vectors a,b.

We need to notice that for three column vectors a, b, c € R? we have

aq bl C1
det(a|b|c) = a9 b2 Co =C1 (agbg — b2a3) — 02(a1b3 — a3b1) —+ 63(a1b2 — a261)
as b3 C3

= (a253 - b2a3)cl - (albs - a3b1)02 + (alb2 - 0251)03
={axb,c).

Lemma 0.2.8. Assume that X, Y € R"*™ and F € GL(n). Then
1. (Cof F)~! = Cof(F71),
2. (Cof X)T = Cof(XT),
3. Cof(XY) = Cof X Cof Y .

Theorem 0.2.9. (Piola-identity) Let Q C R? be an open subset of R® and let ¢ :  — Q' C R3 be a
diffeomorphism. Then

DivCof Ve = 0. (0.2.18)
Proof. We have
Pl,z; Plze  Plas

Vo= 920 $22. P25 ] - (0.2.19)
P3,x; P3,x ©3,z3
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Each element of Cof Vi is written like
(Cof V)ij = Oj110i41 - Oj20ive — Oj20i+1 - Oit1piy2, (0.2.20)

where all indices are counted modulo 3. Now we have

A (COf Vga)ij

<
Il
—
<

3
= (D5j11%i11 - Ojp2piva + 0i10i41 - 0j j12pit2)

=:aj :=b;

(0j,j+29i+1 - Oj+10it2 + Ojqaiv1 - 05 j+10i+2) =0, Vi, j € {1,2,3}, (0.2.21)

kr'ﬂw

i=cj 1=dj
because a; — cj41 = 0 and b; — d;12 = 0. |
Assume A is a n x n matrix with the eigenvalues Ay, ..., A,. The principal matriz invariants are defined
by
n
I.(A) = > IIx.,  for 0<k<n. (0.2.22)
1<ji1<...<jr<ni=1
We have

Lemma 0.2.10. For A € R3%3,
1. L(A) =tr(A),
2. I)(A) =tr(Cof A),
3. I3(A) =det A.

From the definition and for n = 3 we have

Il(A) = tI‘(A) =AM + A2+ A3, IQ(A) = tI‘(COfA) = A2+ AoA3 + A3,
Ig(A) =det A= )\1)\2)\3 . (0.2.23)

For any matrix A € R™*™ the characteristic polynomial of A is defined by
det(A—21) = (—1)"(A\" +co A" P+ .. F e At ). (0.2.24)

The following theorem (Cayley-Hamilton) will state that every matrix with nonzero determinant is a root
of its characteristic polynomial.

Theorem 0.2.11. For any matrizx A € R™*"
A"+ 1 AV 4 A+ (1) det AL =0. (0.2.25)
The Cayley-Hamilton theorem can be rewritten by using the principal invariants as following
Theorem 0.2.12. For any matrix A € R"*™,
A" — L(A)A™ 4 (=) L, (A) A+ (1), (A)1=0. (0.2.26)
Proof. From the following characteristic polynomial
det(A — A1) = (=D)" A" + (=) ' L(AN" P+ — I, (AN+1,(A) =0, (0.2.27)
and eq. (0.2.16) we obtain

det(A — A1)1 = (A — A1) Cof(A — A\1)T = (A — Al)adj(A — A1), (0.2.28)
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where have adj(A—A1) = 372 YA, with Y € R"*"™ are unknown coefficients. The entries in adj(1—\A)
are polynomials in A\ up to the maximal power on n — 1. Therefore, for k > n, Y* = 0, we have the
following calculations

(A— A1) adj(A — A1) = det(A — A1) <= (A — X 1) nz_:l Vi = (nf Lo (AN + (—1)”A”)1 :
= = (0.2.29)
and it is true if and only if
n—1 n—1
AY Y N (AY =Y Y I = L(A)L+ > (1) T, 1 (AN L+ (-1)"A"L, VAER.
- - (0.2.30)

One may have
AY? =1,(A)1, AV =Y = (=1)'I,_1(A)1, VI<i<n—1, Y™ !=(-1)"1. (0.2.31)

Multiplication above equations from the left side by A?, we obtain

n—1
AY? 43 (AP 1Y =AY =AY = T (A)L = Ty g (A) A+ - (—1)" A" (0.2.32)
i=1
By noticing the telescoping sum in the left hand side, which is zero, we will obtain the conclusion. |

So, for n = 3, the statement of the theorem reads

A4 [(A)A? — L(A)A+I3(A) =0 = —A3+tr(A)A% —tr(Cof A)A+det A-1=0.
(0.2.33)

Next we introduce the right and left Cauchy-Green stretch tensors with C = FTF = 142F and B = FFT
respectively, where E = £(FTF —1) is the Green-St Venant strain tensor, for F € GL*(3). More details
about strain tensors are available in Section 2.1. We have the following properties for the principal
invariant of the strain tensors as follow

Lemma 0.2.13. The following properties hold

L(C)=|F|?>=3+t(FTF - 1),

=tr(1+F'F-1)=tr(}) + tr(FTF - 1) =3+ tr(F'F - 1),
L(C) = ||Cof F||? =3+ 2tr(FTF — 1) + h.o.t(F),
I(C) =1+ tr(FTF — 1) + h.o.t(F),

where h.o.t(F) denotes the higher order terms dependent on F. The same hold for B = FFT.

Proof. We have

L(C) =tx(C) = (C,1) = (FTF,1) = (F, F) = ||F||?

=tr(1+42F) = tr(1) + 2tr(F) = 3+ 2tr(E), (0.2.34)
and
I,(C) = tr(Cof C) = (det C.C~T 1) = det(FTF)(FTF)~T,1) = (det F)2(F~ T, F~T)
= (Cof F, Cof F) = ||Cof F||?
=tr(Cof(1+2FE)) =3+ 4tr E+ h.o.t(E), (0.2.35)
and finally,

I3(C) = det(FTF) = (det F)* = det(1 +2E) = 1+ 2tr E + h.o.t(E). [ |
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0.2.2. Derivatives of functions on R**"

In the subject of dimensional reduction (direct approach) we will do some derivatives of some scalar
valued functions on the set of matrices. The Taylor series expression will be used to reach this goal. So
assume that f: R"*"” — R is a smooth scalar valued function. For every H € R™*"™, the Taylor expression
of f at point (matrix) X € R™*" is as following

f(X+H)=f(X)+(Df(X),H)+O(H?). (0.2.36)
If g: R™*™ — R™*™ is a matrix valued function, then for X, H € R"*" we have
g(X + H)=g(X)+Dg(X).H + O(H?). (0.2.37)
For some matrix valued functions we may have the following Lemma.

Lemma 0.2.14. For matrices X, H € R"*™ we have:

1. DIXTX).H=X"H+H"X,

2. D[devX].H =devH,

3. D[sym X].H =sym H ,

4. D[skew X|.H = skew H ,

5. D[Cof X].H = —(Cof X, H)X THTXT,
6. D[det X].H = (Cof X, H) .

Proof. Let us call g;(X) := XTX. For the matrix (X + H) we have

— T _ T T _ T T T T
G X+H) =X+H"X+H)=X"+H)(X+H)= X(i()—i—X H+H X—i—hH (];T). (0.2.38)
=91 0.t

By comparing the right side of this relation and the Taylor expression of g1, we obtain that D[¢g; (X)].H =
XTH + HTX. Now assume that go(X) := dev X. Similarly, we have

9o(X + H) = dev(X + H) = (X + H) — %tr(X +H)L

1 1
=X — —u(X)1+H — —tr(H)1, (0.2.39)
—_—
=g2(X)

and therefore, D[ga(X)]- H = H — L tr(H)1 = dev(H). We call g3(X) = sym(X). Hence

n

g3(X + H)=sym(X + H) = %((XJFH) +(X+H)") = %((XJFXT) +(H+H"))
— %(X +Xx7) +%(H +HT), (0.2.40)
———

=g3(X)

and finally D[gs(X)].H = sym H. The last function is g4(X) := skew X. We have
1 1
g X +H)=skew(X +H)=-((X+H) - (X +H)") = 5 (X - X7 +5(H — HT),

|
=g4(X)

M| —

and hence D[g4(X)].H = skew H.

Denote g5(X) = Cof X. The, we have

Cof (X + H) =det(X + H)(X + H)™T = (det X + (Cof X, H) + h.ot (H)*)(X T =X TH'X T 4 hot (H))
=det X - X7 —det X - X THT'X T 4+ (Cof X, H)X T — (Cof X, )X TH" X7 + h.ot (H)
= Cof X — (Cof X, H)X T 4+ (Cof X, H)X 7 — (Cof X, ;)X THTX™T 4 h.o.t (H)
= Cof X — (Cof X, )X THT"X"T + h.ot (H).
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Hence,
Dlgs(X)].H = —(Cof X, H)X THTX"T. (0.2.41)
Denoting g¢(X) = det X. Then, we have

det(X + H) =det(X(L+ HX 'H)) =det X det(1 4+ X 'H) = det X[1 + (1, X ' H), h.o.t(H)]
=det X +det X (X~ T, H) + h.o.t(H) = det X + (Cof X, H) + h.o.t(H), (0.2.42)

which leads to
Dlgs(X)].H = (Cof X, H) . [ |

Lemma 0.2.15. For every X, H € R"*",

L. D[IXJ.H = &y (X, H) .,

2. DJ||IX||2.H = 2(X, H) .

Proof. Assume that k(X) = || X||. The Taylor expression for k is

E(X+ H)=kX)+ (Dk(X)],H) +h.ot(H). (0.2.43)
From that we obtain

1+ H|* = (|X] + (DX, H) +ho-t(H)*, (0.2.44)
this implies that

1X1* + (X, H) + (H, X) +Hif£ = | X1 + 2 X [{DIIX ], H) + (DUIX|], H))* +hot(H). (0.2.45)

h.o.t
Therefore,
DI|X|].H = ﬁ«x, H) + (H,X)) = ”71H<X, H). (0.2.46)
Similarly, assume that ¢(X) = || X||?. Hence,
IX|? + (X, H) + (H,X) + | H|” = | X + H||* = |X|* + D[|| X||].H + h.o.t(H) , (0.2.47)
and then
D[|X|J2.H = (X, H) + (H,X) = to(XHT + HXT) = 2(X, H). (0.2.48)

0.2.3. Minimum problems

In mathematical analysis that uses variations, the calculus of variations can be used in order to find the
maxima and minima of functionals, which can be done by applying some small changes in functions and
functionals. To this aim, the Fuler-Lagrange equations is a system of second order ordinary differential
equations whose solutions are stationary points of the given action functional. Actually this equation
is useful for solving optimization problems, where we are looking for minimizing or maximizing the
function. For example, we are searching to find the curve in the plane of the shortest length connecting
two points. The solution is just the straight line between two points. Otherwise, the solution will not be
so clear and it is possible we have more than one solution. For example, assume the disturbed curve y(x)
which varies between two fixed points a,b € R? in a plane. Assume that [ denotes the length between
(a, A), (b, B) € R%. One can see that [ can take the following form

b
l[y]:/ VI+y@?2de, yla)=A, yb)=B8. (0.2.49)
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For finding the shortest path between a and b, we should minimize the functional [/, but regarding to the
function y(x). Assume that h(z) is another differentiable function that satisfies h(a) = h(b) = 0. Then
we can define a new path by

y(x,t) =y(x) +th(z), for teR. (0.2.50)

Because y(a,t) = ( )+ th(a) = A and g(b,t) = y(b) + th(b) = B, we can consider J as a path between
the points (a, A) and (b, B). The length of the new path can be defined like

ty+th) = [ VTE P = [ TGP de

We notice that ¢[y 4 th] is a real valued function. Indeed, [y + th], for fixed y and h, takes real number
t and gives the length of y + ¢t h as a real number. On the other hand, we assumed that y is the minimal
path, which means £[y + th] must take the minimum at ¢ = 0 for every direction h. This means,

d
E— = . . 1
dte[y+th]‘ =0, (0.2.51)

which is equivalent to

d
Ay + th] L:O -

(& [ virwrmpe)| . (0.2.52)

Obviously, a,b are independent from t. By applying Leibniz’s integral rule, we obtain

b
_ d\//—/z
dtﬁ[y—i—th _/ VT () L:de

/ y +th')h ‘
\/1+ T+ th')2 =0

= / 7dx (0.2.53)
o V14 (y')?
We obtain
b y/
/ — Ahdzx=0. (0.2.54)
« VIT W)
After integration by parts, we arrive at
b y/ /
/ (7) hdz =0. (0.2.55)
o N1+ (y)?
We already assumed that & is an arbitrary function with zero boundary rules, therefore,
! I
(yi) —0, (0.2.56)
1+ (y)?
and by integrating both sides we have
/
- «a, for some constant «. (0.2.57)
L+ (y)?

Generally, assume that W: R™ x R™ x R™*" — R and assume that u € C'(Q,R™). Now the question
is: find a w that minimizes the following function

= / W(z,u(x), Vu(x)) dx. (0.2.58)
Q
There is a necessary condition for existence of an extermum for solving the above problem.

Theorem 0.2.16. Let I be a function of the form
= / W(z,u(z), Vu(z)) dz, (0.2.59)
Q
such that u € CY(Q,R™). Then the Euler-Lagrange equation (in the strong form) reads

D, W(z,u(x), Vu(x)) — Div (Dqu(x, u(z), Vu(w))) =0. (0.2.60)
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0.2.4. Convexity and local minima

Assume that XY are two normed vector spaces, L(X,Y) is the vector space of all continuous linear
mappings from X toY and f: Q@ C X — Y, with {2 as an open subset of X.

Definition 0.2.17. The mapping f is differentiable at a point x €  if there exists an element D f(x)
of the space L(X,Y") such that

flx+h)=f(z)+Df(x)h+ o(h), (0.2.61)

where o(h) denotes the higher order therms of h.

One of the applications of differentiability of functions, is the famous Taylor series formula. The ex-
pression of the Taylor formula for any function depends on the order of differentiability of the function.
Therefore, we have the following theorem

Theorem 0.2.18. Let X,Y be two normed vector spaces, ) be an open subset of X, [x,z+ h] be a closed
segment contained in Q, f: Q C X — Y be a given mapping and let m be an integer such that m > 1. If
f is (m — 1) times differentiable in Q and m times differentiable at the point x, then

fx+h)=fx)+Df(x)h+---+ % D™ f(z)h™ + o(h™+1). (0.2.62)

For a Proof we refer to [33, Theorem 1.3-3].

Existence of a local minimizer and convexity of a function like f, are some other utilization of differentiable
mappings.

Theorem 0.2.19. Let Q) be an open subset of a normed space X and let f: Q@ C X — R be a differentiable
function in Q. Assume that a € Q and D f(a) = 0. If the function f is twice differentiable in Q and if
there exists an open neighborhood V- C Q of the point a such that

D2f(x)(h,h) >0,  forall x€V ,heX, (0.2.63)

then the point a is a local minimum of the function f.

Definition 0.2.20. Let f: Q2 C X — R be a function. The function f is called convex if for all 0 < ¢ <1
and all 1,29 € X,

flzy + (1= t)ag) <tf(x1) + (1 =) f(22). (0.2.64)
In the following, we can see the relation between convexity and derivatives

Theorem 0.2.21. (convexity and first derivative) Assume f: Q C X — R is a differentiable function
in Q. The function f is convex on Q if and only if

flx+h) > f(x) +Df(x).h, foral z,heX. (0.2.65)
Theorem 0.2.22. (convexity and second derivative) Assume f: Q C X — R is a twice differentiable
function in Q. The function f is convex if and only if

D2f(z)(h,h) >0, forall z,heX. (0.2.66)
The next theorem will show the property of the minimum of a convex function,

Theorem 0.2.23. [33, Theorem 4.7-8] Let f: Q@ C X — R be a convex function defined on a convex
subset Q of a normed space X.

e Any local minimum of f on Q is a minimum.
o If f is strictly convex, it has at most one minimum on 2, and it is a strict minimum.

o Let g be differentiable at a point x € Q. a point x is a minimium pf g on Q if and only if

Dg(z)(h) >0, for all x,h €. (0.2.67)

e If the set Q is open, a point x is a minimum of g if and only if Dg(xz) = 0.
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1. I'- limit and ['-convergence

1.1. Lower semi-continuity

One of the questions which always may arise is how to determine sufficient conditions to ensure the
convergence of sequences of minimum problems and their related minimizers. I'-convergence is one the
important tools for answering this question. In fact, I'-convergence is able to answer the following family
of minimum problems

min{Z;(u) |u € X;}. (1.1.1)

A way to describe the behavior of the solutions of above problem can be provided by replacing such a
family by following problem

min{I(u) |u € X}, (1.1.2)

which takes the related behavior of minimizers and for which a solution can be more easily obtained [25].
The most important feature of I'-convergence is about the possibility of obtaining converging sequences
(or subsequences) from minimizers of (1.1.1). One of the basic requirements is compactness:

”the idea of convergence of functions u. should be in a way that ensures the existence of a limit of mini-
mizers of (1.1.1). The convergence of functions may give a negative answer just because the minimizers
will not converge. Hence, a candidate space like X, can be one which is equipped with the compactness
property for solving the limit problems”.

We notice that the argument of I'-convergence depends on compactness, therefore, it is more convenient
to have a space with weaker topologies which guarantee the existence of a convergence sequence (or
subsequence) [25].

Later on, we will see that the compactness property can be replaced with coerciveness property. Of course
in the case that the functionals F, are energy functionals, by considering the ezistence of a minimizer for
the homogenized energy, we may answer the compactness. The fundamental theorem of I'-convergence
can be summarized as

I'-convergence + equi-coerciveness (compactness) == convergence of minimum problems. (1.1.3)

Of course, beside the study of asymptotic properties of minimum problems, I'-convergence has some other
kind of uses. One is the construction of suitable I'-convergence functionals I to a given Iy. Moreover,
I-convergence is also used in the ”justification” of physical theories through a limit procedure. One
example is the derivation of low-dimensional theories from three-dimensional elasticity, another one is
the deduction of properties in Continuum Mechanics from atomistic potentials.

Definition 1.1.1. Assume that f: X — R. The lower limit of f at point z is
lilr/rl)igff(y) = inf{limjinff(xj) |z; € X 2 — x} (1.1.4)
| :inf{lijrnf(a:j)‘mj EX,mj%x,ﬂli;nf(xj)}.
The upper limit of f at point z is
limsup f(y) = sup{limsup f(z;) |z; € X 2, — x} (1.1.5)
J

Yy—x

= sup{lim f(z;) |2; € X ,x; — =, 3lim f(z;)}.
J J

The lower limit is written like ” liminf” and the upper limit like ” limsup”.
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It can be seen that [25]

lim inf(f(y) + g(y)) 2 lim inf f(y) + lim inf g(y), (1.1.6)
lim inf(f(y) + 9(y)) < “{Jﬂ_?;jp fly) +liminf g(y), (L.1.7)
lim inf(=f(y)) = —limsup(f(y)). (1.1.8)

Lemma 1.1.2. (Fatou’s Lemma) Let (X, X, v) be a measure space and {fj: X — [0,00]} be a sequence
of nonnegative measurable functions. Then the function liminf;_,, f; is measurable and

/ liminf f; dygliminf/ fidv. (1.1.9)
X J—=eo Jx

j—o0

Definition 1.1.3. Assume that X is a metric space. The function I: X — R is said to be lower
semi-continuous (l.s.c) at the point z € X, if for every sequence z; converging to & we have

I(x) Slimjinf](a:j), (1.1.10)
or,
I(z) = min{limj_inf](:nj) rxp =t (1.1.11)
If I is lower semi-continuous at all point z € X, then I is lower semi-continuous on X.

Example 1.1.4. Assume the space X = R with the metric d(z,y) = |z —y| for all z,y € R. Let g € C(R)
and a € R. We define

f(z) = {gw v#0 (1.1.12)
a z=0
The function f is lower semi-continuous at z = 0 if and only if a < g(0). O

Proof. Assume that a < ¢g(0). Then, according to the definition of semi-continuity we have

a<g(0) = [f(0)=a<g(0)=g(lim z;)= lim g(z;) = O;élgigm_mf(xj) ) (1.1.13)

which for x = 0 gives

flz) < O;élirjll_)()f(xj)v (1.1.14)

and shows that f is lower semi-continuous at x = 0. Now assume that f is lower semi-continuous at x.
Then, for every sequence (x;) with «; — x, we have

f@) < lim f(z;). (1.1.15)

Tj—T

One may use the opposite direction of the relation (1.1.13). Since l.s.c happened for every z; — x, we
may assume that x; — 0. Then, we obtain a < ¢(0). ]

Remark 3. The following conditions are equivalent:
1. I: X = R is lower semi-continuous,
2. forallx € X, I(z) = liminf,_,, I(y),
3. for all « € R, the sublevel set {I < a}:={x € X: I(z) < a} is closed.

Remark 4. (i) If I and J are lower semi-continuous, then I + J is as well. The proof can be seen by
using the property of liminf.

(#3) If {I; : © € N} is a family of lower semi-continuous functions, then the function J(z) = sup,; I;(x) is
lower semi-continuous too.
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1.2. Gamma convergence and recovery sequence

Definition 1.2.1. Let us assume that X be a metric space. We call the sequence I;: X — R, T-
convergent to Ip: X — R in X, if for all x € X we have the two following conditions

1. (liminf inequality) for every convergent sequence z; — x

In(z) < liminf I;(x;), (liminf inequality) . (1.2.1)
J

2. (limsup inequality) there exists a convergent sequence z; — x such that

Io(xz) > limsup I;(z;), (lim sup inequality) . (1.2.2)
J

In other words, Iy is a lower bound for the sequence I, in the sense that Iy(x) < I;(x;) + o(1) whenever
Tj— .

Regarding to lim sup inequality, we should notice that Iy, actually, is an upper bound for the sequence
I; and computing that, is related to an ansatz which is dependent on the construction of the sequence
(z;). Now the critical matter is selecting the right concept of convergence x; — x. It is remarkable that
the sequence is not already chosen and should be selected in a way that can help the equi-coerciveness
(Definition 1.2.5) of the family I;.

The function Iy is called I'- limit of (I;) and one can write Iy = I'-lim; I;.

According to the definition of I'-limit, we can obtain

In(z) < liminf I;(z;) < limsup I;(z;) < Io(x), (1.2.3)
J J

which means Iy(x) = lim, I;(x;). Therefore, for the second condition, we can have the following alterna-
tive condition,

¢ (existence of a suitable recovery sequence) there exists a sequence (x;) converging to x such
that

As before mentioned, for solving the convergence problem, we may work on the spaces with weaker
topology which always will guarantee the existence of a convergence subsequence. But this is not the
only point which should be noticed through the subject of I'-convergence. Another important issue is
selecting the right energy scaling. As a matter of fact, there is a possibility that the given sequence (I;)
will not act properly to reach the equi-coercivity, even with the convergence sequence. But choosing the
right scaling of the variables will be one of the important steps for solving the minimization problem.
From the I'-convergence of functionals I; to I, we do not immediatly deduce the convergence of minimum
problems with Dirichlet boundary conditions. In fact, to do so we must prove the compatibility of the
condition u = ¢ on 0L; i.e., that the functionals

Ij(u) = [ fi(x, Du)dz if u= ¢ on Q
(u) = .
400 otherwise,

I?

J (1.2.5)

I'-convergence to I§ analogously defined.

Remark 5. The I'-convergence has the following properties:

o I'-limit and continuous functions: If the family I;, T'-converges to Iy and J: X — [—o00,+00] is a
continuous function, then (I; + J) I'-converges to In + J. Indeed, for all x € X, with x; — x we
have

Ii(z) + J(z) < liminf I;(z;) + lim J(z;) = iminf(I; + J)(z;) . (1.2.6)
j J J

Since the limsup condition holds as well, we get

In(x) 4+ J(x) = li]r_an(xj) + lijr_n J(zj) = li]r_n(Ij + J)(z;), (1.2.7)
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which gives

limsup(Z; + J)(z;) < Io(z) + J(x). (1.2.8)

Therefore, (xz;) is a recovery sequence for Iy + J and it shows that I; + J T'-converges to Iy + J.

e I'-limit of a constant sequence: Let I; = I be a sequence, for all j € N; that means I; is a constant
sequence. Assume that (I;) T'-convergences, hence for "hypothetical” T'-limit, I, should hold

Io(z) < liminf I(z;), T — T, reX. (1.2.9)
J

But if I is not lower semi-continues, then there exists T and a sequence T; such that T; — % and

liminf I(z;) < I(T) . (1.2.10)

Therefore, Io(T) # I(T). This shows that T-convergence does not satisfy the requirement that a
sequence I; = I convergences to I (unless I is lower semi-continuous). Therefore,

I-lim [;(z) = I(x) if and only if I is lower semi-continuous. (1.2.11)

Definition 1.2.2. [Upper and lower I-limits] Assume [;: X — R and z € X. The quantity

I-liminf I;(z) = inf{liminf I;(z;) : z; = z}, (1.2.12)
J J

is called the I'-lower limit of the sequence (I;) at the point z. Similarly

I-limsup I;(z) = inf{limsup I;(z;) : =; — z}, (1.2.13)
J J

is called the I'-upper limit of the sequence (I;) at . If one has the following equality

I-liminf I;(z) = T's = T-limsup I;(x), (1.2.14)
J J

for some I's, € [—00, +00], then, we can write I's, = I'-lim; I;(x) and we say that I's is the I'-limit of
the sequence (I;) at the point z € X.

In [25], Proposition 1.28, we can find the following result.

Proposition 1. [Lower semi-continuity of T'-limits] The T-upper and lower limits of a sequence
(I;) are lower semi-continuous functions.

Remark 6. I'-limit has the following properties:
1. If (I;,) is a subsequence of (I;) then

I-liminfI; <T'- limkinf I;
J

k

I-limsup I;, <I'-limsupl;. (1.2.15)
k J
If I =T-lim; I; exists, then for every increasing sequence of integers (ji) we have I = I'-limy, f;, .

2. If J is a continuous function, then I, + J = I'-lim;(I; + J). Moreover, if J; — J convergence
uniformly and J is continuous, then I +J = I-lim;(I; + J;). And if I; converges uniformly to I
on an open set U, then

I-limI; =scl, (1.2.16)
J

where scl is the lower semi-continues envelope of I which is the greatest lower semi-continues
function not greater than I.

Proposition 2. (Compactness of I'-convergence) Let (X,d) be a seperable metric space with metric d
and let I;: X — R be a function, for all j € N. Then there exsits a subsequence (I;,) such that for all
x € X, the I'-limit of the sequence (I},) exists.
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Remark 7. If (X, d) in above Proposition is not separable, then the result of this Proposition will fail. We
may assume that X = {—1, 1} with the discrete topology. X is metrizable and here T'-convergence on X
is equivalent to pointwise convergence. Let us take the sequence I;: X — {—1,1} defined by I;(x) = x;,
where © = (xg,x1,...). Assume that (I;,) is a subsequence of (I;) and assume x is defined by x;, = (—1)*
and if j ¢ {jx : k € N} then z; = 1. Hence, limy I}, (x) does not exist and therefore no subsequence of
(I;) T-converges.

I'-convergence also has the following result regarding to subsequences

Proposition 3. [Urysohn property of I'-convergence] The I'-limit for the sequence (I;) exists, i.e.,
I = T-lim; I;, if and only if for every subsequence (I;,) there exists a further subsequence which T'-
convergence to I .

Proof. See [25], Proposition 1.44. [ |

Definition 1.2.3. We call that I, ['-converges to Io, if for all sequences (h;) — 0 we have I'-lim; I;,, =
Iy.

Definition 1.2.4. The function I: X — R is coercive on X if the closure of the sublevel set {z €
X |I(z) < a} is compact in X, for every o € R.

Definition 1.2.5. The sequence of functionals I;: X — R is equi-coercive if for each K > 0 there exists
a compact set K. C X such that {z € X |I;(z) < K} C K., independently of j > 0.

Note that, if the family I; is equi-coercive, then lim inf-inequality condition immediately implies one
inequality for the minimum problem: if (z;) is a minimizing sequence and x; — x¢ then

inf Iy < Iy(zo) < liminf I;(z;) = liminf I, . (1.2.17)
j—0 j—0

Theorem 1.2.6 (Characterization of equi-coerciveness). The sequence of functionals Ip,;: X — R is

equi-coercive if and only if there exists a lower semi-continuous coercive function W: X — R such that
In; > W on X for every h; > 0.

Theorem 1.2.7. (Coerciveness of I'-limit) Suppose that the sequence of functionals I,;: X — R is
equi-coercive. Then the upper and lower I'-limits are both coercive and

;né)r{l(F—lin}lJnf In,)(x) = lilr]ijinf xlgi I, (). (1.2.18)
If in addition, the sequence of integral functionals Ip,; : X — R, T'-convergence to a functional I: X — R,
then Iy itself is coercive and

iréig Io(x) = 1}117113012;‘( Iy, (). (1.2.19)

The variational nature of I'-convergence is now evident. This theorem expresses the convergence of the
minimum problems related to the I;’s to the corresponding one for /5. Moreover, the existence of solutions
to the latter problem is guaranteed.

1.3. Sobolev spaces

In order to study and answering the questions regarding to existence and uniqueness of a minimizer, it
is necessary to define the suitable spaces which include these properties. Sobolev spaces are required tool
for simplifying the study of linear and nonlinear partial differential equations and their problems. But
before that we present the definition of Lebesgue spaces.

Definition 1.3.1. Let £ be an open subset of R” and p be a real number satisfying p € [1,00). The
space of functions, which are Lebesgue integrable on 2 to the power of p is denoted by

@) ={f| /Q F(@)Pdz < o0}, (13.1)
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with the following norm

flzrin = ([ 17)az)” (132)

In the case p = 2, L?(2) with the following inner product is a Hilbert space

(f.9) = /Qfg dz (1.3.3)
For p = oo we have
L=(Q)={f||f(z)] < oo almost everywhere in Q}, (1.3.4)
equipped with the norm
£l Lo () = ess sup [f(@)]. (1.3.5)

Remark 8. (Holder’s inequality) Let % + % =1, with p,q € [1,00]. If u € LP(?) and v € LI(Q), then
uv € LY(Q) and it holds that

luvlzi) < llullr@llvllzao) - (1.3.6)

If p = q =2, then we will arrive at the Cauchy-Schwarz inequality
lluvl| L) < llullLz@)llvlizzo) - (1.3.7)

Definition 1.3.2. Let k € NU {0} and p € [1, 0], then the Sobolev space Wk () is defined by
WHhP(Q) :={u € LP(Q)| D*u € LP(Q), Va with |af <k}, (1.3.8)

which with the following norm will be a Banach space

lullwese == (3 ID*ulZ, ). 1<p<oc. (1.3.9)

lor| <k

For p = 2 we will have the notation H*(Q) := W*:2(Q), which is a Hilbert space with the following inner
product

(,v) ey = Y (DU, D) 12(q) - (1.3.10)
o <k

As well, for 1 < p < oo, WFP(Q) is reflexive. It can be seen that the space W*? is contained in the space
Lr(Q).

Definition 1.3.3. Assume that X,Y are two normed vector spaces. We say that X is embedded in Y,
and denote by X — Y, if X C Y and there is a constant ¢ such that ||v|ly < ¢|v||x, for all v € X.

Definition 1.3.4. A normed vector space X is compactly embedded in a normed vector space Y, if
X < Y and the continous injection j: X — Y with j(x) =z € Y is a compact linear operator, that is,
if j maps each bounded sequence (z¥) into a sequence (j(2*)) that contains a subsequence converging to
some limit in Y. We will denote this kind of embedding by X € Y.

The following theorem is called Rellich-Kondrachov embedding theorem, which gives the properties of
compact embedding spaces

Theorem 1.3.5. [33, Theorem 6.1-5. p.278] Let Q be a domain in R™, k > 0 be an integer, and let
p € [1,00). Then the following compact embedding holds

WHFP(Q) € LY(Q), for all q with1 < q < oo, if k= L (1.3.11)
p
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The following compact embedding is one of the special case of the above theorem
HY(Q) e L*(Q), (1.3.12)
which is independent of the dimension n.

Definition 1.3.6. Let (x,)nen be a sequence of elements in a Hilbert space H and assume that z € H.
The sequence (x,,)nen is weakly convergent to x, denoted by x,, — x, if and only if for all y € H

lim (y,z,) = (y,2), (g, 20) = (¥, 7). (1.3.13)

n— oo

WH2(Q) can be an example of a Hilbert space. We say that the sequence (uy)nen C W12(Q) converges
weakly to uw € WH2(Q), u,, — w, if for every v € W2(Q) we have (un, v)wi.2(0) = (U, v)wr2(0)-

Theorem 1.3.7. (a) In a Banach space, every weakly convergent sequence (xy)nen i bounded and for
the limit x, we have

||| < lim inf||z,| . (1.3.14)
n—oo
(b) In a reflerive Banach space, a bounded sequence contains a weakly convergent subsequence.

From the fact that W12(Q) is a Hilbert space and consequently a Banach space, one can obtain that (a)
and (b) hold as well for the space W12((Q).

Theorem 1.3.8. (Mazur’s theorem) Assume that w, is weakly convergent to w in the Hilbert space
W12(Q). Then, there exist a sequence of convex combinations like @, = Z;nz’l a; juj, with a; ; > 0 and

Z;":l a;; = 1, such that i, — u, i.e. @, converges strongly to u.
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2. Theory of elasticity

The theory of elasticity treats the relationship between forces applied to an elastic object and the resulting
deformations. In physics, elasticity is defined as the resistant ability of a body to return to its original size
and shape when the force or the influence is gone. The stress, strain and displacements in an elasticity
problem can be obtained from a series of basic equations and boundary conditions. Throughout deriving
such equations, we may consider all the factors, but the results can be so complicated which may give
no solution. Hence, we can consider some basic assumptions in order to reach possible solutions. While
we are considering these assumptions, we may neglect some other factors that have minor influence on
the result. For example we may assume that the whole body is continuous and there is no empty place
in the body. Therefore, the physical quantities of the body like stress, strain and displacement can be
distributed continuously on the body. Also we can assume that the body is perfectly elastic. We need to
have a homogeneous® body such that all elastic properties are the same through the body, i.e. the elastic
constants can be independent from the position in the body. The other condition that we may assume
for the body is isotropy, which means all the elastic properties are the same in all directions. Thus, as
mentioned already, by applying these assumptions, we can make the problem easier to solve. We only
consider quasi-static problems, i.e., the energy does not have a kinetic part.

One of the usage of elasticity is to analyse the stress and displacement of elements within the time
of receiving the force on the body and then to check the strength, stiffness and stability of the body.
The theory of elasticity contains equilibrium equations related to stress, kinematic equations related to
displacement and strain, constitutive equations related to stress and strain, boundary conditions related
to physical domain and uniqueness constraint related to the applicability of the solution.

The infinitesimal strain theory is a mathematical approach for describing the deformation of a solid body
in which the displacement and rotations of the particles of material are assumed to be much smaller than
any relevant dimension of the body. It means the geometry and fundamental properties of the material
at each point of the body can be assumed to be unchanged by the deformation. In opposite, the finite
strain theory deals with strains and rotations which are large enough to change the particles of the body.

The deformation of a body has two components: displacement of a rigid body? and a deformation. The
displacement of a rigid body consists of translation and rotation. In this case there is no changes in the
shape or size. These kind of changes is due to deformation which will happen to a body from the initial
configuration to a deformed one. Indeed, the deformation occurs when the distance between any two
particles in the undeformed configuration changes.

Definition 2.0.1. A deformation of the reference configuration € is a mapping
0: Q=R (2.0.1)

which is smooth enough, injective on 0f) and preserves the orientation.

By defining 9; = ai at each point of ) we have

x;

Orp1 a1 D31
V= | O1pa Oap2 O5p2 | . (2.0.2)
O3 Oops O3

The 3 x 3 matrix Ve is the deformation gradient, and by noticing the orientation-preserving property of
the deformation, we will have the following orientation preserving condition

det V() >0, (2.0.3)

for all x € Q. This shows that the matrix V¢ at any point z € € is invertible as well.
The vector field u: Q — R3, u = (uy, uz, u3), with the following definition is called the displacement

u(z) = p(z) -z, (2.0.4)

LA body is called homogeneous, when all the points have the same property.
2A rigid body is a solid body that the changes after the deformation are very small that can be omitted.
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Similarly we have the gradient of the displacement like following

81U1 82’&1 83U1
Vu := 81U2 aQ'UQ 8311,2 s (205)
81U3 82u3 8311,3

and we will have the following relation between the gradients
Vo =1+ Vu. (2.0.6)

Therefore, for each point = € Q, ¢(z) is the deformed point under the deformation ¢ which maps to the
deformed configuration ¢(£2).

More details about the volume, surface and length of the reference configuration and the deformed
configuration can be found in [30]. Let us assume that W represents the elastic energy of arbitrary

Figure 2.1.: A deformed point x from the reference configuration € to the point ¢(x) in the deformed
configuration ¢(€2).

infinitesimal cubes instead of the energy of the whole body. Then the total energy I(y) will be concluded
through the summation of the energy of all infinitesimal cubes. We assume that the whole body is
homogeneous. It will be helpful because the energy of each cube does not depend on its location in the
body. This is the first step to calculate the total energy. In the second step, we will approximate these
infinitesimal squares: Assume that g is the center of an infinitesimal square in the body 2. The Taylor
series expression for the deformation ¢ at point z¢ can be like

©(xo + h) = (o) + V(20)h + o(h?), (2.0.7)

where () is the translation of all infinitesimal squares, V(zq)h is a linear term and o(h?) shows the
higher order terms of which for infinitsimal squares, h will vanish for infinitesimal cubes (h — 0).
Hence, it follows that for infinitesimal squares case, dependency of the energy on V(xzg) is also a good
approximation. The total energy of Q will be obtained from a summation on the energy of all infinitesimal
squares

> W(Ve(xoii))da;, Sz =0, (2.0.8)
.

and

I(p(x)) :== A W(Ve(x))dx, (2.0.9)

for I: C?(Q,R3) — R. We will call I(p) the energy density and W (F) the energy function. We notice
that W: GLT(3) — R takes the element with dimension 9, while the domain of I is infinite.
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2.1. Strain tensors

Assume that ¢ is a deformation which is differentiable at every point € Q. Hence, for every point
x + 0z € Q and by using the definition of differentiablitiy, we have

o(x + dx) — p(z) = Ve(x)dz + O(dx), (2.1.1)
and
lp(z + 6x) — p(z)||* = (Vo(z)dz, Ve(x)dx) + O(5x?). (2.1.2)
We already defined the symmetric right Cauchy-Green strain tensor
C:=VelVp, (2.1.3)
and the symmetric left Cauchy-Green strain tensor
B :=VeVel. (2.1.4)

One may define F := Vo, therefore, C = FTF, B = FFT by which both have the same characteristic
polynomial.

As it is seen, the tensor C' is one of the good tools to measure the strain, by which we mean the ”changes
in form or size”. The other class of deformations that they have no strain during their deformation are
rigid deformation

Definition 2.1.1. The mapping ¢ is called a rigid transformation if it has the form
plx)=a+Qux, (2.1.5)

for a € R,Q € SO(3) and all x € Q.

Indeed, the rigid deformation rotates the reference configuration around the origin and translates it by a
vector a, without any strain. Now the question is that, how the deformation ¢: Q C R? — R3 looks like
that we can have C = FTF = VTV = 1. The answers can be

1. Translation. The simple case is ¢(x) = x + b, for constant b = (b1, ba, b3) € R3

x1 + by
o(r1,22,23) = |22+ b2 |, F=Vp=
x3 + b3

o O =

00
1 0]=1 = C=F'F=1. (2.16)
0 1

2. Linear mapping. In this case for constant matrix A € R3*3, we define p(z) = A.x. Then

Anzy 4+ Arxa + Agzxs A A Ass
(p(.’bl,$27$3) = | Ay1x1 + Aggl‘g + A23$3 = F= V(p = A21 Agg Ass | = A, (217)
Agzi1x1 + Asoxo + Azzxs Az Az Ass

it means C = AT A. Now the question is that under which condition for A we can have ATA = 1.
This situation can happen when A € O(3) (an orthogonal matrix). The matrix A can be a rotation
or a reflector. Since it is assumed that the matrix is orientation preserving, one may obtain that A
is a rotation and A € SO(3).

The opposite case can happen under some conditions,

Theorem 2.1.2. [33, Theorem 1.8-1] Let 2 be an open connected subset of R™ and let there be given a
mapping ¢ € C1(Q,R™) that satisfies

Vo(x)'Vep(x) =1, foral zcQ. (2.1.8)
Then there exists a vector a € R™ and one orthogonal matriz Q € O(n) such that

o) =a+Qxz, forall €. (2.1.9)
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Proof. The goal is to show that for every zy € Q there exists an open convex subset V' C € such that for
all z,y e V

(@) — el = llz -yl (2.1.10)

By applying the mean value theorem, for all z,y € V' we obtain
le(@) — el < SlélgW@(Z)H\iﬂ—Mh (2.1.11)

where U C V' is the line between x and y and |F| = sup ¢ [[F'€][rz = Amax denotes the operator norm

of V. The assumption V(2)T Ve (z) = 1 shows that the largest singular value of C = FTF is 1 which
guarantees that the largest singular value of V(z) is also 1 for all z € Q. Hence,

lo(@) =W < llz—yl, Vo,yeV. (2.1.12)

Using the inversion theorem shows that the mapping ¢ is locally invertible in €2; it means that there
exists an inverse mapping like ¥: W — V which like ¢ is continuously differentiable. By using the fact
that V0T (£)VU(€) = 1, proves the opposite of the inequality (2.1.12).

Now we prove that V¢ is constant on V. Let us assume the mapping G: V x V — R with

n n

Gla,y) = o) — e@)II° = lly = =)> = > (erly) — er@)® =Y (yr —xx)*. (2.1.13)

k=1 k=1

This mapping is constant which means its derivative is zero and it holds

9 a6 0 1 Ok
= 3y, ) = axj[kz_jlz(sok(y) o1 () o () = 2y — 1)
3<Pk 3<Pk
=-2 20,4 2.1.14
Z 9, gy, W)+ 2 (2.1.14)

which for all i,5 € {1,--- ,n} leads to

5= 228 (1) 2k () = (V) V() sy = 1 = Vip(e) TVip(y) <= Vipla) = Veply), (2.1.15)

for all z,y € V. We could show that V¢ is constant which means Vi = M € R™*" is also constant on
€, since Q is connected. According to Vo (z)T Vip(x) = 1, we obtain that the M € O(n). Therefore, ¢
has the following form

p() =Qu+b, (2.1.16)
for all z € O, @ € O(n) and b € R™, which implies that the gradient of ¢, Vo, is a simple rotation. W

Theorem 2.1.3. Let Q) be an open connected subset of R™ and let there be given two mappings o,V €
CL(Q,R") such that

Vo(z)'Vo(z) = Vo (2)T VI (2), (2.1.17)

with injective ¥ and det VW (z) # 0, for all x € Q. Then there exists a vector a € R™ and an orthogonal
matriz Q) € O(n) such that

o) =a+QW(zx), foral ze. (2.1.18)

These theorems are significant to understand the importance of the tensor C. From the first theorem we
define

= %(C -1), (2.1.19)

which is a measure of the deflection between a certain deformation and a rigid deformation. Because, the
deformation is rigid if and only if C'= 1. The tensor F is called Green-St Venant strain tensor and can
be rewritten as

= %(c —-1)= %(FTF -1). (2.1.20)
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In the expression of the gradient of the displacement u, we have
C=Vp'Vo=1+Vul +Vu+Vu'Vu=1+2F, (2.1.21)

and respectively

1
E(u):=FE = 5(VuT + Vu+ Vul'Vu). (2.1.22)

Theorem 2.1.4. If F = Vi is invertible (det FF > 0), then C is symmetric positive definite (C €
Sym™(3)).

2.2. Stress tensor

As mentioned already, the external force on a certain part of the body is called stress. Regarding to
different type of strains, there are different types of stress tensors, which through certain formulas can
be exchanged to each other. A tool for measuring the stress is Cauchy stress o (true stress), which is a
second order symmetric tensor and defines the value of the stress at each point of the deformed body.
That is, if n¥ is an arbitrary direction in a cut on the deformed body, the Cauchy traction o.n® € R?
is the force that is important at the intersection to keep the separated material in its deformed shape.
Cauchy’s Theorem illustrates that the Cauchy stress is symmetric and the tensor field and the vector
field are related by a partial differential equation (PDE) in the deformed configuration.

The Cauchy stress tensor is using the deformed coordinate system on behalf of using the initial coordinate
system of the reference configuration. However, the deformation itself is not known. Therefore, this is
one of the disadvantages of the Cauchy stress tensor. Hence, we may introduce another alternative stress
tensor which is called first Piola-Kirchhoff stress temsor Sp, which describes the force of the deformed
material per original area. The following formula shows how ¢ and S are transformed into each other

$1(F) = o(F)Cof F, (2.2.1)

where F' = Vo for deformation . Although the Cauchy stress tensor is symmetric, the first Piola-
Kirchhoff stress tensor is not symmetric. Indeed,

Sy (F)

det F
=F 'S (F)FT, (2.2.3)

Si(F)I' = (Cof F)T'o(F) =det FT - F~*. FT (2.2.2)

where we have used o(F) = S1(F)(Cof F)~! and (Cof F)? = Cof (FT) = det FT.F~1.

For the energy function W in the following minimum problem
/ W(F)dz - min F, vloa = ¢o , F=Vep, (2.2.4)
Q

and the assumption of hyperelasticity, we can define the first Piola-Kirchhoff stress tensor as following
S1(F)=DpW(F). (2.2.5)
The other type of stress tensor is the second Piola-Kirchhoff stress tensor
So(F) = F~18(F). (2.2.6)

Both Piola-Kirchhoff stress tensors are dependent on the deformation ¢, first because of the Piola trans-
form and second because of the Cauchy stress tensor which is also dependent on .
There is another type of stress tensor which is called Biot stress tensor and is shown by

Tgiot(F) = R"S1(F). (2.2.7)

where R is the rotation in the polar decomposition F' = RU = VR [93].

A material is called isotropic if its properties remain the same in different directions. In opposite,
a material is called anisotropic when its properties vary when measured in different directions. For
example glass, metals and plastics are kind of isotropic materials while composites and woods tend to
show anisotropic properties.
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Definition 2.2.1. A constitutive equation o: GL*(3) — Sym(3) is called isotropic if for a rotation
Q@ € SO(3) we have o(FQ).n? = o(F).n?® for any arbitrary directions n¥ on the deformed configuration.
Hence, a material is isotropic if and only if the Cauchy stress satisfies

o(FQ)=o(F), VF e GLT(3), Qe€0(3), (2.2.8)
or equivalently
S1(FQ) = 0(FQ) Cof(QF) = o(F) Cof(F) det(Q)Q™T = S1(F) Q. (2.2.9)

Indeed, the rotation of the whole body €2 before the actual deformation has no impact on the stress inside
the deformed material.

Definition 2.2.2. A constitutive equation o: GLT(3) — Sym(3) is called objective if for a rotation Q €
SO(3) we have Qo (F).n? = o(QF).Qn? for any arbitrary directions n® on the deformed configuration.
Therefore, a material is isotropic if and only if the Cauchy stress satisfies

o(QF) = Qo (F)QT, FeGLT(3), Q€S0(3). (2.2.10)
Equivalently,
S1(QF) = a(QF) Cof(QF) = Qo(F)Q" det(Q)Q ™" Cof (F) = QS1(F). (2.2.11)

In fact, the rotation of the whole body 2 after the actual deformation has no impact on the stress inside
the deformed material.

A combination of objectivity and isotropy, can give the following Corollary
Corollary 2.2.3. For all F € GLT(3) and Q € SO(3), on objective and isotropic material it holds
7(QTFQ)=Q"o(FQ)Q =Q"o(F)Q, S1QTFQ) = QTSI (FQ) = QT S1(F)Q. (2.2.12)

Theorem 2.2.4 (Polar decomposition). Assume that F € GLT(3). There exist positive definite sym-
metric matrices U,V and R € SO(n) such that we have the following unique representation

F=RU=VR. (2.2.13)

The above representation is called polar decomposition for matrix F. For the right Cauchy- Green strain
tensor (2.1.3) we have

C=FT'F=(RU)Y'RU =UTRTRU =UTU =U? <+ U=+VC=VFTF. (2.2.14)
Simillarly, for the left Cauchy-green strain tensor we obtain

B=FFT =VRWVR)T =VRR"VI =vvT =Vv? «— V=vB=VFFT. (2.2.15)

Definition 2.2.5. We call an energy function isotropic, if for all Q € SO(3) and F € GL™(3) holds
W(FQ) = W(F), (2.2.16)
and objective if
W(QF) = W(F). (2.2.17)

In an objective energy, the energy value will not be changed by a rotation after the deformation of the
body, but isotropy studies a rigid rotation earlier than the existent rotation.

In the nonlinear elasticity theory, we would like to predict the elastic behavior of a body under the force of
the boundary and the strength of the body. With C'— 1 we have found a first candidate for characterizing
the distortion in the material. Now we want to know how the independency of distortion from the stored
energy of the body looks like.

For the energy function, one of the candidates can be ||C' — 1||2, which is meaningful when C' is constant
on €.
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Theorem 2.2.6. Assume that the energy function W is objective. Then there exists W Sym™(3) — R
such that W (F) = W(U), for all U € Sym™(3). [ ]

By using the above Theorem for C = FTF, we may write
W(F) = |FTF —1]* =W(C) = |[C - 1|]*, (2.2.18)

where C' — 1 € Sym™(3). By F' = 1 + Vu, and using the Taylor expansion, the formula will be

o~

W(C) =W ((1+ V)" (1 + Vu)) = W (L + 2sym Vu + VuT V)

=W(1) + (DW(1),2sym Vu + VuvuT) (2.2.19)
1
2
(

+ =D2W(1)[2sym Vu + VuVu”, 2sym Vu + VuVuT] + h.o.t

= W(1) + (DW(1),C — 1) + 2D*W(1)[C —1,C — 1] + hoott.

Obviously in the reference configuration there is no stress and strain. Therefore, p(z) = x, which means
F = 1. So, according to (2.2.18) we have W (1) = 0. Consequently, S1(1) = 0,S52(1) =0 and o(1) = 0.
We notice that S1(C) = DW(C). Hence, DWW (1) = 0. Now, the relation (2.2.19) can be rewritten as

W(C)=2D2W(1)[C —1,C —1] +h.ot, (2.2.20)
which for small strains the higher order terms can be omitted and hence
W(C) =2D2W(1)[C —1,C —1] = (C(C - 1),(C —1)). (2.2.21)

where C is a forth-order tensor with 81 independent components. Since C' is assumed to be symmetric,
the number of independent components regarding to C' — 1 will be reduced to 36. On the other hand,
C is self adjont which gives us C ~ R?'. Now assume that W is isotropic. From W (F) = W(v/C) =

W(C) =: W(C — 1) we obtain

W(Q(C-1)Q") = W(QFT(Q"Q)FQ" - QQ") = W((QFQ")"(QFQ") - 1)
=W(QFQT)=W(F)=W(C—-1). (2.2.22)
The assumption of isotropy and above formula will help us to reduce the number of independent compo-
nents further.

We already have seen that the deformation has the form ¢(z) = x +u(x), where u(z) is the displacement
field. We put € := sym Vu, and we call it infinitesimal strain tensor. Therefore, the relation (2.2.19) can
be seen as

W(C)=2D2W(1)[C — 1,C — 1] + h.o.t = 2D2W(1)[sym Vu, sym Vu] + h.o.t
=4(C.e,e) + h.o.t =t Wiiu(e), (2.2.23)
where h.o.t contains also the higher order terms of sym Vu. Generally,
Wiin: Sym(3) 2 R® - R, Wiin(e) = 4(Ce,e) where C: RS — RS, (2.2.24)
We notice that regarding to (2.2.22), when the energy function W is isotropic, the linearized energy Wi,

will be also isotropic.

Remark 9. The most important benefit from Theorem 2.2.6 can be reducing the dimension of the entries.
We notice that F € R3*3(dim = 9) which means the needed entries in matriz F are nine. Regarding to
this theorem we will replace F with another matriz like U € Sym™ (3)(dim = 9) which again the number
of entries are nine but some of them are repeated, like

a b ¢
U=|(b d f]. (2.2.25)

c f e
Lemma 2.2.7. Every quadratic isotropic function W: R3*3 — R has the following unique representation
W(X) = a;||devsym X||* + aglskew X||? + %(tr X)?, aj,az,a3 €R, (2.2.26)

for X € R3%3,
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Proof. For ay = as = ag = 1 we know the decomposition
| X]|? = ||devsym X + skew X + %trX -1)|? = ||devsym X ||* + ||skew X||* + (trX) (2.2.27)
from
R™™ = (Sym(n) Nsl(n)) ® so(n) & R.1. (2.2.28)

More details about material symmetry [47, p.198] shows that for isotropic solids the number of indepen-
dent constants for the elasticity tensor C is three. The relation (2.2.28) shows linearly in-dependency of
the terms. Now it is sufficient to show that the decomposition (2.2.26) is invariant under X + QX QT
in the sense that

#(QXQT) = (QXQ".1) = (XQ.QQ") =
wm(@XQ") = 3 (exQ" + (@xQ")") =
Kew(QXQT) = 5 (@XQ" — (@x Q")) =

(X,1) =tr X,
(QXQ"+QX"Q") = Q(sym X)Q",

l\.’)\»—w\J\H\/

(QXQT —QXTQT) = Q(skew X)QT,

W =

dev(QX Q") = QXxQ" - ltr(QXQT)l =QXQ" - - (tr X)QQ" = Q(X - ?l)trX> QT = Q(dev X)QT,
QX QT|* =(QXQ",QXQ") =(QTQXQTQ, X) = (X, X) = | X|* u

Now by using this lemma and knowing the fact that £ € Sym(3), we may have the following representation
for Wlin

%3 (tre)?. (2.2.29)

Wiin(€) = a1||devsymel|* + 5 (

Theorem 2.2.8. The general quadratic isotropic expression for e = sym Vu € Sym(3) is

+ é(tra)? , (2.2.30)

K
Win(e) = plldevsyme|® + Z(tre)* = plle]” + 5

with constants pu, A € R.

The constants p, A are called the Lamé constants. The parameter p is also known as the shear modulus
and k is the infinitesimal bulk modulus.
Notice that in the three-dimensional case

1 1 1
le]|? = ||deve + 3 tr(e)1))? = ||dev el + g tr(e)*(1,1) = ||deve|® + 3 tr(e)?, (2.2.31)
which gives
1
devel? = |le]|® — gtr(s)2. (2.2.32)

By inserting this formula in (2.2.30) we have

A
Wiia(2) = allel]® + 5 tr(2)?

A 24+ 3\
= p|deve|? + 3 tr( )2+ 5‘51"(5)2 = pldeve|* + —-

tr(e)?
6
= plldeve|? + gtr(s)z, (2.2.33)

where the bulk modulus is kK = @ In fact, x is a measure of the resistance of the body to compression.

The Cauchy stress tensor related to the linear energy can be obtained from the formula
oM (e) = D . Win(e). (2.2.34)
Therefore,
o(e) =2pe+ Atr(e)l =2udeve + ktr(e)l. (2.2.35)

We have the following theorem from [32, Theorem 3.2-3]
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Theorem 2.2.9 (Singular value decomposition of a matrix). Let F' be an arbitrary real 3 x 3 matriz,
with singular values A1, Ao, A3 € RT. Then there exist orthogonal matrices Ry, Ry € SO(3) such that

F = R1 diag(/\l, )\27 )\3)R2. (2236)

Lemma 2.2.10. Assume that W: GLT(3) — R is any isotropic and objective energy function. Then,
there exist a unique mapping g: RS — R with W (F) = g(A1, A2, A3) for all F € GL*(3) and for singular
values A1, Ao, A3. The mapping g is invariant under permutation of its arguments.

Proof. We assumed that W is isotropic and objective. Therefore, for all Q1, Q2 € SO(3), we may write
W(F) =W(Q1FQ2) = W(Q1R diag(A1, A2, \3) R2Q2) . (2.2.37)
Let us select Q; = RY and Q2 = RI. Then
W (F) = W(R] Ry diag(A1, A2, A3) RaR3 ) = W (diag(A1, A2, A3)) := g(A1, A2, As) (2.2.38)
where g: R? — R. [ |

One can see that this lemma is about reducing the dimension. Obviously, W applies on a space with 9
dimension, while g needs only to apply on 3 dimensional space.

Assume that F' is an arbitrary matrix of order n and assume that \;, for 1 < ¢ < n, denotes the n
eigenvalue of the symmetric and positive definite matrix F7F. The n numbers

vi(F) ==/ N(FTF), 1<i<n, (2.2.39)

are called the singular values of the matrix F. For the case n = 3 one may write

’Ul(F):\/Al(FTF), UQ(F):\/)\Q(FTF)7 Ug(F):\/)\g(FTF). (2240)

Theorem 2.2.11. Let F' be an arbitrary real square matriz with singular values v;(F'). Then there exist
orthogonal matrices P and @Q depending on v; such that

F = P(diagv;(F))Q" . (2.2.41)

An immediate consequence of this theorem shows that the two matrices FTF and FFT are always
orthogonaly equivalent.

Corollary 2.2.12. Let F be a square matriz with det F' > 0. Then there exists a singular value decom-
position like

F=R; diag()\h )\27 )\3)R2 ,  with Ry, Ry € SO(3) . A1, A9, A3 € RT. (2242)
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3. Shell theory

The theory of shells is an important branch of the theory of deformable solids. By a shell we mean two
outer curved surfaces which are somehow parallel to each other and they have a common inner surface in
the thickness :l:%, where we assume that the thickness h is small and perpendicular to the curved surface.
The inner surface is called mid-surface. The deformation of the shell can be recovered according to the
deformation of the mid-surface. Also, the stress system of the shell can be referred to the stress of the
mid-surface. If the shells are designed very suitable, they can tolerate large loads, for example, airplane’s
wings. In general, the shell and plate theories are purposed for the study of thin bodies, in other word,
bodies in which the thickness in one direction is much smaller than the two other dimensions which are
orthogonal to the direction of thickness. As simple examples of shells we may mention, vehicle bodies in
automotive industry, cell walls, biological membranes, composite material and plates.

Indeed, a shell has all the specifications of a plate with an extra specification which is curvature. Note
that the structure of a shell is more complicated than a plate and it is because of the relation between
the bending and stretching. Shells can be divided in different types based on their curvature, for example
cylindrical and spherical. However, shells are categorized in two different classes, thin shells which is our

subject in this dissertation and thick shells. As we mentioned already, a shell is thin when the ratio of

the thickness over the radius of curvature of the midsurface is small enough to neglect (max (%) < %,

where R is the radius of the curvature of the midsurface).

3.1. Dimensional reduction

Dimension reduction is changing the data from a higher dimensional spaces to a lower one. The di-
mensional reduction of a given continuum-mechanical model is an old subject and it has seen many
”solutions”. Omne of the methods is the derivation approach, i.e., reducing a given three dimensional
model via physically reasonable constitutive assumptions on the kinematics to a two dimensional model
as opposed to either the intrinsic approach , which views the shell from the onset as a two-dimensional
surface and invokes concepts from differential geometry or the asymptotic methods, which tries to estab-
lish two-dimensional equations by formal expansion of the three dimensional solution in power series in
terms of a small parameter. The intrinsic approach is closley related to the direct approach which takes
the shell to be a two-dimensional directed medium in the sense of a restricted Cosserat-surface.

The philosophy behind the derivation approach is expressed by W. T. Koiter [72, p. 93]: ”Any two-
dimensional theory of thin shells is necessarily of an approximate character. An exact two-dimensional
theory of shells can not exist, because the actual body we have to deal with, thin as it may be, is always
three-dimensional. ... Since the theory we have to deal with is approximate in character, we feel that
extreme rigor in its development is hardly desirable. ... Flexible bodies like thin shells require a flexible
approach.” As well as in [65, p-58] it is mentioned: ”The theory of Cosserat is exact, but shell theory
derived from the three-dimensional equations is approximate. It may be a matter of taste, but we prefer
to regard an exact theory as more fundamental. The Cosserat theory of shells (Cosserat surface) is on a
comparable footing with any exact three-dimensional continuum theory.”

The basic task of any shell theory is a consistent reduction of some presumably ”exact” 3D-theory to
2D. Actually the minimization problem will be adopted from the original physical space to a ”shell-like”
theory, i.e, the new thin domain. A thorough mathematical analysis of linear, infinitesimal displacement
shell theory, based on asymptotic methods, is found in [34]. A detailed presentation of the classical shell
theories can be found in [79]. One of the most famous theories in the field of reduction is Reissner-Mindlin
plate theory which is an extension of Kirchhoff-Love theory. The Kirchhoff-Love theory considers shear
deformations through the thickness of the plate while the Reissner-Mindlin theory considers the defor-
mations and stresses in a plate which its thickness is very smaller than the planar dimensions. They are
intended for some thick plates in which their normal vector will remain straight but after deformation it
is not necessarily perpendicular to the mid-surface.

Actually, by introducing a proper ansatz, one can reduce the dimension from 3 to 2 (engineering method).
Indeed, concerning the boundary conditions in any energy model, we may define the ansatz, and by in-
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serting the ansatz in the main formula, we will get a reduction in the dimension of the energy and have
the homogenized energy in 2-dimension.
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4. Linear and nonlinear scaling

As it is already mentioned, the goal of dimension reduction is to reformulate the original problem on
a thin 3-D domain, as well as shell theory. Therefore, a problem which is defined on a physical space
E including units of measurement will be adapted to a plate-like theory. This means we are given a
three-dimensional thin domain Q) C R3 with

h h

Qh:wx[fg,i

], (4.0.1)
where w is a bounded Lipschitz domain in R? with Lipschitz boundary and k > 0 is the non-dimensional
relative characteristic thickness with h < 1. Assume the following boundary conditions on dw x (—h, h)

ua(h)(2) = Caps
us(h)(z) =0, z = (xy,23) € Ow x (—h,h), (4.0.2)

where u is the displacement field, the index 3 denotes the transverse direction and Greek indices, «, 3,
range between 1 and 2. By using this conditions, we may write the minimizing elastic energy like

W(Vu)dx, (4.0.3)
Qp

where u satisfies the boundary conditions and W is a homogeneous (z3-independent) elastic energy
density.
Scaling of independent and (or) dependent variables is the usual first step when we are dealing with the
dimension reduction thin domain.
The type of the scaling is crucial for the application of the I'-convergence. The most effect of choosing a
right scaling can be seen finally in defining the recovery sequence for I'-lim sup condition, in the definition
of I'-convergence.
There are two different type of scalings: nonlinear or natural scaling and the other one is linear elasticity
scaling.
The nonlinear or natural scaling for a vector field z: ), — R? is 2f: ©; — R3, where only the
independent variables will be scaled

Ty =m, x2=r1n2, x3=hns,
1
20 (xl, T2, EJZ?,) = z(x1, 22, %3), nonlinear scaling . (4.0.4)

The gradient of z with respect to © = (z1, z2, x3) is
1
Vez(z1, 22, 23) = (37712“(771,7727773) | 8nzzh(7717772a773) | Ean32h(7]1,772,773)>

1
O () Oy 2i(n) 305,21 (0)

1
= [0n22) Du2i(n) SO | = V(). (4.0.5)
1o

a’fll Z:hs (77) 8772 Z:E, (77) Ea% 23 (77)

In linear scaling the behavior of the components is different. The in-plane components x1,x2 of the
vector field are independent and the out-of-plane component z3 will be dependent on the scaling. That
is,

T1 ="M, T2 =12, x3 = hns,
28 (21, 22, ta3) 21 (21, T2, 73)
25(x1, T2, %1’3) = | zo(x1,22,23) |, linear scaling . (4.0.6)

Zg(l’l,l'g,%l'g) h23(1'1,1'2,x3)
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The related gradient of z with respect to x = (1, 2, x3) is as follows

1
sz(xhl'g,xg) = (amzb(ﬂh??%??:s) ‘ aﬁzzb(nlvn%?B) | Eaﬂszb(nlvn%?h))
ang(n) 87722?(77) %87732?(77) hob
=| gz Opz(n)  pOgz(n) | =V (). (4.0.7)
50 25(0)  FOnz5(n) 5z On25(n)
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5. The three dimensional Cosserat model

If a three-dimensional elastic body is very thin in one direction, it has special load-bearing capacities.
Due to the geometry, it is always tempting to try to come up with simplified equations for this situation.
The ensuing theory is subsumed under the name shell theory. We speak of a flat shell problem if the
reference configuration is flat, i.e., the undeformed configuration is given by €, = w X [ — %, %], with
w C R? and h < 1, and of a shell (or curvy shell) if the reference configuration is curvy, in the sense that

the undeformed configuration is given by Q¢ = ©(,), with © a C!-diffeomorphism ©: R3 — R3.

There are many different ways to mathematically describe the response of shells and of obtaining two-
dimensional field equations. One method is called the derivation approach. The idea of this method is
reducing the dimension of a given 3 dimensional model to 2 dimensions through physically reasonable
constitution assumptions on the kinematics [72]. Neff has introduced this derivation procedure based on
the geometrically nonlinear Cosserat model in his habilitation thesis [85, 80]. The other approach is the
intrinsic approach which from the beginning views the shell as a two-dimensional surface and refers to
methods from differential geometry [5, 7, 65]. The asymptotic method seeks, by using the formal expansion
of the three-dimensional solution in power series in terms of a small thickness parameter to establish two-
dimensional equations. Moreover, the direct approach [64] assumes that the shell is a two-dimensional
medium which has additional extrinsic directors in the concept of a restricted Cosserat surface ([13, 35,
37, 36, 38, 46, 65, 101, 23, 24]). Of course, the intrinsic approach is related to the direct approach. More
information regarding to this method can be found in [80, 86, 87, 88].

One of the most famous shell theories is the Reissner-Mindlin membrane-bending model which is an
extension of the Kirchhoff-Love membrane-bending model [12] (the Koiter model [11]). The kinematic
assumptions in this theory are that straight lines normal to the reference mid-surface remain straight
and normal to the mid-surface after deformation. The Reissner-Mindlin theory can be applied for thick
plates and it does not require the cross-section to be perpendicular to the axial axes after deformation,
i.e. it includes transverse shear. A serious drawback of both these theories is that a geometrically
nonlinear, physically linear membrane-bending model is typically not well-posed ([63]) and needs specific
modifications [10, 11] to re-establish well-posedness.

There is another powerful tool that one can use to perform the dimensional reduction namely I'- conver-
gence. In this case, a given 3D model is dimensionally reduced via physically reasonable assumptions on
the scaling of the energy.

In this regard, one of the first advances in finite elasticity was the derivation of a nonlinear membrane
model (energy scaling with k) which is given in [75]. After that, the idea of I'-convergence was developed
in [50, 52, 51, 53], where different scalings on the applied forces are considered, see also [26, 104].

A notorious property of the I'-limit model based on classical elasticity is its de-coupling of the limit into
either a membrane-like (scaling with k) or bending-like problem (scaling with h3), see e.g. [15, 68].

In this chapter we will use the idea of I'-convergence to deduce our two-dimensional curvy shell model
from a 3-dimensional geometrically nonlinear Cosserat model ([91]). This work is a challenging extension
of the Cosserat membrane I'-limit for flat shells, which was previously obtained by Neff and Chelminski
in [90], to the situation of shells with initial curvature.

The Cosserat model was introduced in 1909 by the Cosserat brothers [38, 40, 39]. They imposed a
principal of least action, combining the classical deformation ¢: @ C R® — R3 and an independent
triad of orthogonal directors, the microrotation R: Q € R?® — SO(3). Invariance of the energy under
superposed rigid body motions (left-invariance under SO(3)) allowed them to conclude the suitable form
of the energy as W = W(ETV%ET@IIE, RT&&R, RT&%E). The balance of force equation appears by
taking variations w.r.t ¢ and balance of angular momentum follows from taking variations of R € SO(3).
Here, as additional structural assumption we will assume material isotropy, i.e., right-invariance of the
energy under SO(3). In addition we will only consider a physically linear version of the model (quadratic

energy in suitable strains) which allows a complete and definite representation of the energy, see eq.
(5.1.5).

In the geometric description of shells the normal to the midsurface and the tangent plane appear naturally
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and the Darboux-Frenet-frame can be used. The underlying Cosserat model immediately generalizes this
concept in that the additional microrotation field R can replace the Darboux-Frenet frame. The third
column of the microrotation matrix R generalizes the normal in a Kirchhoff-Love model and the director
in a Reissner-Mindlin model. Note that the Cosserat model allows for global minimizers [85].

Concerning now the thin shell I-limit, we choose the nonlinear scaling and concentrate on a O(h)-model,
i.e. the membrane response. Since, however, the 3-D Cosserat model already features curvature terms
(derivatives of the microrotations), these terms ”survive” the I'-limit procedure and scale with h, while
dedicated bending- like terms scaling with h® do not appear!.

The major difficulty compared to the flat shell I-limit in [90] is therefore the incorporation of the curved
reference configuration. This problem is solved by introducing a multiplicative decomposition of the
appearing fields into elastic and (compatible) permanent parts. The permanent parts encode the geometry
of the curved surface given by ©. In this way, we are able to avoid completely the use of the intrinsic
geometry of the curved shell.

The related Cosserat shell model in [56, 57] is obtained by the derivation approach. There, the 2-
dimensional model depends on the deformation of the midsurface m: w — R? and the microrotation
of the shell @e,s: w — SO(3) for w C R?, the same as here. The resulting reduced energy contains a
membrane part, membrane-bending part and bending-curvature part, while the Cosserat I'-limit model
obtained in this chapter contains only the membrane energy and the curvature energy separately.

The membrane part is a combination of the shell energy and transverse shear energy and the curvature
part includes the 2-dimensional Cosserat-curvature energy of the shell.

QS
&

;

w 7

€3

Figure 5.1.: The mapping m: w C R?2 — R3 describes the deformation of a flat midsurface w C R?. The Frenet-Darboux
frame (in blue, triedre caché) is tangent to the midsurface m. The independent orthogonal frame mapped by
R € SO(3) is the triddre mobile (in red, not necessary tangent to the midsurface). Both fields m and R are
coupled in the variational problem. This picture describes the situation of a flat Cosserat shell.

5.1. The variational problem defined on the thin curved reference
configuration

Let us consider an elastic material which in its reference configuration fills the three dimensional shell-
like thin domain Q¢ C R3, ie., we assume that there exists a C'-diffeomorphism ©: R? — R? with

O(x1, T, x3) 1= (&1,&2,&3) such that ©(2),) = Q¢ and we = O(w x {0}), where ), C R? with Q) =

w X [— %, %], and w C R? a bounded domain with Lipschitz boundary dw. The scalar 0 < h < 1 is called

thickness of the shell, while the domain Qy, is called fictitious flat Cartesian configuration of the body.
We consider the following diffeomorphism ©: R — R3 which describes the curved surface of the shell

@(I‘l,zg,mg) :y0($1,$2)+$3n0($1,$2), (511)

LObserve that the surviving Cosserat curvature is not related to the change of curvature tensor, which measures the change
of mean curvature and Gaufl curvature of the surface, see Acharya [2], Anicic and Legér [12] as well as the recent work
by Silhavy [105] and [58, 59, 60, 62]).
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i : 0, X0
where yo: w — R3 is a C?(w)-function and ny = %
o1 Y0 XDy

that

is the unit normal vector on we. Remark

V.0(z3) = (Vyolno) + 235(Vngl|0) Vs € (—2,2)7 V.0(0) = (Vyo|no), [VoO(0)] T es3 =mno,
(5.1.2)

and det V,0(0) = det(Vyo|no) = v/det[(Vyo)T Vo] represents the surface element. In the following we
identify the Weingarten map (or shape operator) on yo(w) with its associated matrix by L,, = Igolllyo,
where I, == [VyolT Vyo € R?*? and 11, = —[Vyo]T Vng € R?*? are the matrix representations of
the first fundamental form (metric) and the second fundamental form of the surface yo(w), respectively.
Then, the Gau$ curvature K of the surface yo(w) is determined by K = detL,, and the mean curvature
H through 2H := tr(L,,). We denote the principal curvatures of the surface by x; and .

We note that det VO(z3) = 1-2H a3 +K a2 = (1—k1 23)(1—k2 23) > 0. Therefore, 1 —2Hz3+K 2% > 0,
Vg € [—h/2,h/2] if and only if 1 > k;xg and 1 > kpzs, for all x3 € [—h/2,h/2]. These conditions are
equivalent with |r;| 2 <1 and |ko| & < 1, ie., equivalent with

hmax{ sup |ki|, sup |ke|} <2. (5.1.3)

(z1,22)EwW (z1,22)EW

We assume that after a deformation process given by the function ¢ : Q¢ — R3, the reference configu-
ration Q¢ is mapped to the deformed configuration Q. = ¢¢(¢). In the Cosserat theory, each point of
the reference body is an endowed with three independent orthogonal directors, i.e., with a matrix Eg :
Q¢ — SO(3) called the microrotation tensor. Let us remark that while the tensor polar(Vepe) € SO(3)
of the polar decomposition of Fy := Vg is not independent on ¢, the tensor B¢ of Cosserat theory is
independent of V. In other words, in general, R¢ # polar(Vepe).

VO(0) = (Vyo|no)
0, Qo = polar(VO(0))

—_— — —
~ — —
Ve \\

/ N
/ Q¢ \ pe Be

eo / I

/ o |

es —_— - ~

Figure 5.2.: Kinematics of the 3D-Cosserat model. In each point & € Q¢ of the curvy reference configuration, there is the

deformation ¢¢ : ¢ — R® and the microrotation Re: ¢ — SO(3). We introduce a fictitious flat configuration
Q) and refer all fields to that configuration. This introduces a multiplicative split of the total deformation
¢: Qp, — R? and total rotation R: Q5 — SO(3) into “elastic” parts (p¢: Q¢ — R3 and Re: Q¢ — SO(3)) and
compatible “plastic” parts (given by © : Qj, — Q¢ and Qo : Q5 — SO(3)). The ”intermediate” configuration
Q¢ is compatible by construction.

In a geometrical nonlinear Cosserat elastic 3D model, the deformation ¢ and the microrotation R are
the solutions of the following nonlinear minimization problem on €):

I(p¢, Fe, Re, o) = /Q [me(Ug) + Wcurv(ag)} dVe — (g, Re) — min. wr.t (pg, Re), (5.1.4)
¢
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where
Fe:=Vepe € R (the deformation gradient),
Ue ::EEFFg e R33 (the non-symmetric Biot-type stretch tensor),
Qg ::EZ Curlg Re € R?*3 (the second order dislocation density tensor [82]),
(5.1.5)

— — — K — . :
Winp(Ue) i = p||devsym(Ug — 13)[|* + pe ||skew(Ue — 13)[1* + 5 [tr(sym(Ug — 13))]* (physically linear)

Weurv (@) 1= p L7 (a1 ||devsym ae||® + az |skew ae||* + as [tr(ae)]?) (quadratic curvature energy),

and dV (€) denotes the volume element in the Q¢-configuration. The total stored energy can be seen by
W = Wp + Weury, with Wi, as membrane energy and Wey,y as curvature energy. Clearly, W depends
on the deformation gradient Fr = V¢, and the microrotation R¢. As before, the parameters p and A
2p 4+ 3

are the Lamé constants of classical isotropic elasticity, x = is the infinitesimal bulk modulus,

e > 0 is the Cosserat couple modulus and L. > 0 is the internal length and responsible for size effects
in the sense that smaller samples are relatively stiffer than larger samples (Cosserat models [38]). If not
stated otherwise, we assume that © > 0, kK > 0, u. > 0. We also assume that a; > 0,a2 > 0 and a3 > 0,
which assures the coercivity and convezxity of the curvature energy [90].

The external loading potential denoted by II(p¢, Re), is given by

(e, Re) = Mg (0g) + Me(Re)

where

Iy (pe) := /Q (f,ue) dVe = potential of external applied body forces f,
¢

II.(Re) := /1“ (c,§5> dS¢ = potential of external applied boundary couple forces c,
¢

with ug = ¢ — £ the displacement vector. We will assume that the external loads satisfy in regularity
condition:

fel?(Q,R%), cecl*(T,R®), RecL?(Q,R?). (5.1.6)

For simplicity, we consider only Dirichlet-type boundary conditions on I't = 7¢ x [— %, %}, Ve C Owg,
i.e., we assume that

e = wg on T, (5.1.7)

where <p? is a given function on I'¢.

In [80] existence of minimizers is shown for positive Cosserat couple modulus p. > 0. The case p, = 0
can be handled as well with a slight modification of the curvature energy. The form of the curvature
energy Weyry i8 not that originally considered in [81]. Indeed, Neff [81] used a curvature energy expressed
in terms of the third order curvature tensor e = (R?V(Eg.el) |§§V(§5.62) |§?V(R§.63)). The new
form of the energy based on the second order dislocation density tensor o simplifies considerably the
representation by allowing to use the orthogonal decomposition

— — 1
RET Curly Re = ae = dev sym o + skew o + 3 tr(oe)ls. (5.1.8)

Moreover, it yields an equivalent control of spatial derivatives of rotations [82] and allows us to write the
curvature energy in a fictitious Cartesian configuration in terms of the so-called wryness tensor [82, 44]

Te = (axl(ﬁf Oe, Re) | ax\(Bg e, Re) | axI(R, O, Re) ) € R¥3, (5.1.9)

since (see [82]) the following close relationship between the wryness tensor and the dislocation density
tensor holds

1
e = —I‘gT +tr(Te) 15, or equivalently, e = —ag + 3 tr(ae) 1s . (5.1.10)
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For infinitesimal strains this formula is well-known under the name Nye’s formula, and —I" is also called
Nye’s curvature tensor [95]. Our choice of the second order dislocation density tensor a¢ has some further
implications, e.g., the coupling between the membrane part, the membrane-bending part, the bending-
curvature part and the curvature part of the energy of the shell model is transparent and will coincide
with shell-bending curvature tensors elsewhere considered [45].

Within our assumptions on the constitutive coefficients, together with the orthogonal Cartan-decomposition
of the Lie-algebra gl(3) and with the definition

Winp(X) =W (sym X) + pic[skew X[|? VX € R**3, (5.1.11)

Wasn(8) =11 + Jlox(S)]? VS € Sym(3),

it follows that there exist positive constants ¢, ci, C;" and C5 such that for all X € R3*3 the following
inequalities hold

CEISI? = W (S) = < IIS)? VS € Sym(3),
Cif llsym X[ + pie [skew X | > Winp(X) > ¢f [lsym X||* + pie [|skew X || VX e R,
CHIX )% > W (X) > o || X7 VX eR¥3. (5.1.12)

Here, ¢ and C" denote respectively the smallest and the largest eigenvalues of the quadratic form
WI‘;‘;(X ). Hence, they are independent of pi.. Both Wi, and Wey, are quadratic convex and coercive

functions of Ug and ag, respectively.

The regularity condition of the external loads allows us to conclude that

\Hf(%ﬂ = |/Qé (fs “§>dV£| < ||f||L2(Q§)Hu£HL2(Q§), (5.1.13)

which implies that
(el =1 | Ve < Wl el (5.114)

Similarly we have
MRl = | | (e TS < lelhay Teliacry- (5.1.15)

Note that ||R¢||? = 3. By using the fact that ”R§”i2(rg) = (3arealy), we get

_ 1
M(pes Be)l < [ fllL2 (oo lluellwrz o) + llellz e (3areaTe)? . (5.1.16)

This boundedness will be later used in the subject of I'-convergence.
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5.2. Transformation of the problem from (), to the fictitious flat
configuration (),

The first step in a shell model is to transform the problem to a variational problem defined on the
fictitious flat configuration Q) = w x [— %, %] This process is going to be done with the help of the
diffeomorphism ©. To this aim, we define the mapping

0: Qp — Q, p(r1,T2,73) = pe(O(71, 72, 73)) .

The function ¢ maps €, (fictitious flat Cartesian configuration) into Q.. (deformed current configuration).
Moreover, we consider the elastic microrotation Q. : Qn — SO(3) similarly defined by

Q. (1,22, 73) = Re(O(21, 9, 3)) , (5.2.1)
and the elastic Biot-type stretch tensor U.: 2, — Sym(3) is then given by
Ue(z1, 22, 23) := Ue(O(m1, 22, 23)) - (5.2.2)
We also have the polar decomposition V0 = Qo Uy, where
Qo = polar(V,0) = polar([V,0] ) € SO(3) and U, € Sym™(3). (5.2.3)
Now by using (5.2.1), we define the total microrotation tensor
R: Q) — SO(3), R(x1, 19, 23) = Q. (71,22, 73) Qo(71, ¥, 73) . (5.2.4)
By applying the chain rule for ¢ one obtains
Veo(x1, 22, 23) = Vepe(O(z1, 22, 23)) V2O (21, 22, 23) , (5.2.5)
or equivalently
Fe(O(xy, 29, 23)) = F(x1, 72, 23) [V.O(x1, 20, 23)] L. (5.2.6)
Finally the elastic non-symmetric stretch tensor expressed on €, is defined by

U, =Q. FIV,0] ' = QR F[V,0]". (5.2.7)

Note that 9y, Q, = S0, e, Re 00, &, O Re = oy 90,Q, D¢, x; and

3 3
Re 0, Re = > Q0 02,Q.) e, = Y (Qr 0:,Q.)(IV20] ir (5.2.8)
1=1 i=1
3
axl(Re 06, Re) = > axl(Q; 0,,Q.)([V20] Vit
i=1

Thus, we have from the chain rule

e = (i:axl (@Z 3zi@E>([V19]71)i1

Z axl (QZ 83:1-@5) ([Vac@]fl)m

> axl (@7 0,Q.)(IV:6])a)

= (ax1(@Q; 9, Q.) | ax1(@Q! 0.,Q.) |ax1(Q: 0:,Q.) ) [V.6] . (5.2.9)
We recall again the Nye’s formula
1
Qg = —I‘g +tr(le) 13, or e = —ag + 3 tr(oe)ls. (5.2.10)

Define

L= (4@ 0,Q0)1ax1@; 0,,Q0) |ax1(@: 9,,Q.) ), e = Q; Curl, Q,. (5.2.11)
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Using Nye’s formula for a, and I, we deduce (see [56])
1 1
e = [V.0] Ta, - 5 tr(ae) [V0] 7 —tr([V.0] Tae) 15 + 3 tr(ae) tr([VL.0]1) 13

1
= V6] Ta. — tr(af [V.0] 1) 15 — 5 tr(a) ([vx@]*T — te([V,0]Y) 13). (5.2.12)
However, we will not use this formula to rewrite the curvature energy in the fictitious Cartesian configu-
ration €, since it is easier to use (from (5.1.10))
sym ag = —sym ¢ + tr(T¢) 13 = —sym(T, [V,0]7!) + tr(T. [V,.0] 1) 13,
dev sym ag = —dev sym Iy = —dev sym(I,. [V,0] 1), (5.2.13)
skew ag = —skew I'¢ = —skew(T, [V,0]7"),
tr(ag) = —tr(le) + 3 tr(Te) = 2 tr(T¢) = 2 tr(TL [V,.0] 1),
for expressing the curvature energy in terms of T}, [V,0]! as

Weurv () =uL? (a1 |[dev sym(T, [V,0]™)||* + asg ||skew(T. [V.O]™Y)||* + 4 a3 [tr(T, [Vz@]_l)F) .
(5.2.14)

Note that using
— — — — —T — i
Qe 9:.Q. = QR 0,,(RQ) = Qu(R' 8, R)QF — Qo(QF0,,Q0)QF, i =1,2,3,  (5.2.15)
and the invariance ([56], relation (3.12))
axl(QAQT) = Qaxl(4) VQ €SO(3) and VA € so(3), (5.2.16)
we obtain the following form of the wryness tensor
F(l’l, T2, xg) L= Fg(@(l’l, T2, xg)) = Fe [Vx@]fl
=T, = =T, = =T, =
- Qo Kaxl(R 9., R) | axl(R" 9,,R) | axI(R &cSR)) (5.2.17)

— (axU(QF 01, Qo) | X1(QF 92, Q0) | x1(QF 92, Q0) )| [V, 0]

Now the minimization problem on the curved reference configuration €)¢ is transformed to the fictitious
flat Cartesian configuration €2 as follows

I= / [me(ﬁe) + Wcurv(r)} det(V,0) dV — (0, Q,) = min. wrt (2,0,),  (5.2.18)
Qpn
where
Wip(Ue) = pullsym(Ue — 13)|1* + pie [|skew(Ue — 13) 1> + %[tr(sym(ﬁe —13)))?

— . K .
= plldevsym(Te = 15)[|* + pre Iskew(Ue = 13)[| + 5 [tr(sym(Ue — 13))]?,

Weure([) = pL? (ay [|dev symD||* + as ||skew I'[|* + 4 ag [tr(I)]?) (5.2.19)
= pL?2 (by |sym I||? + b ||skew T||? + b3 [tr(I)]?) ,

where b = a1,by = a, by = 129279 and I1(p, Q,) = () + I1.(Q,), with the following forms

fiy(e) =115 (p0) = [ {foug)dve= [ (Faav.

Q¢ Qn
.(@Q,) == I.(Re) = / (e, Re) dSe = / ©Q.) ds, (5.2.20)

with @(z;) = ¢(z;) — ©(z;) the displacement vector, R = Q. Qo the total microrotation, the vector fields
f and ¢ can be determined in terms of f and ¢, respectively, for instance (see [31, Theorem 1.3.-1])

F(z) = £(0(2)) det(V,0), H(x) = c(0(x)) det(V,0). (5.2.21)

Note that regarding to the regularity condition (5.1.6), the following regularity conditions will hold as

well
fel?(, R, ¢eL?TL, R, Q,cL*T,R%. (5.2.22)
The Dirichlet-type boundary conditions (in the sense of the traces) on I'e = ¢ x [ — %, %], Ye C Owg,
h h

read on the boundary I', =v x [ — 4, 4], v = ©7!(v¢) C dw, as ¢ = ¢ on '), where ¢/t = @*1(902).
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5.3. Construction of the family of functionals I},

5.3.1. Nonlinear scaling for the gradient of the deformation and the microrotation

In order to apply the methods of I'-convergence, the first step is to transform our problem further from

Qp to a domain with fixed thickness 2; = w X [f%, %] C R3, w c R2. For this goal, scaling of the
variables (dependent/independent) would be the first step. However, it is important to know which kind

of scaling is suitable for our variables.

11
In a first step we will apply the nonlinear scaling to the deformation. For ) = w x [— 2 5} C R3,

w C R?, we define the scaling transformations

CG:neQ =R C(p,m2.ms) = (n1,m2.hns)
C_I: z e Qi R3, C_l(xl,xg,xg) = (a1, T2, %), (5.3.1)

with ¢(£21) = Qp. By using the relation (4.0.4) and above transformations we obtain the formula for the
transformed deformation ¢ as

Pl wemy) = G o m0,33) Yo € Qs @ (n) = (C) V€ D,
1
O pi(m) O () Eangwhl(n)
1
Vop(a1, 2o, 23) = | O3 (1)  Onaiph(n) Eangwg(n) = VIii(n) = F}. (5.3.2)

1
87)1 Wg (77) 8712 W?),(W) 5871390?5(77)

Now we will do the same process for the microrotation tensor @i Q1 — SO(3)

Q. (1,12, 23) = @i(471($1’$27$3)) Vo € Qp; @i(ﬁ) =Q.(¢(n), VYne,

as well as for V,0(x), the matrices of its polar decomposition V,0(z) = Qo(z)Up(z), in the sense that

(V20) (n) = (V20)(C(m),  Qb(n) = Qo(C(m),  Ui(n) = Uo(¢(n)). (5.3.3)

We also define R': Q7 — SO(3)

R(w1, w0, 23) = B¢ May,m0,23)) Ve eQy;  R(n)=RCM), Wne.

With this, the non-symmetric stretch tensor expressed in a point of € is given by
U8 = QM FE(V,0)1 ! = QT Vit (n) (V. 0)F] 5.3.4
¢ =Q. Fpl(Va®) ] =Q. Vye'(n)[(V.©)] . (5.3.4)

Since for 13 = 0 their values expressed in terms of (11,72,0) and (x1,z2,0) coincide, we will omit the
sign -f and we will understand from the context the variables into discussion, i.e.,

(V20)(0) := (Vyo Ino) = (V4©)* (01,02, 0) = (V2O)(21,72,0),
Qo(0) == Qb (1,12, 0) = Qo(x1, 22,0), Uo(0) := Ug (1,72, 0) = Up(1, 2, 0).
Therefore, we have

i 8,7

T =Rm@m)T,  Tm =" ME (V.0 = QiR (nFi(m)[(V.0)],

(5.3.5)

and

—4,T , =t 4T . = 1T =0T, =t _
U = (ax1(@2), 00, Qe p) | axL(@2h 90, @ ) | 7X@ 0,00 0) ) [(VLO) L (5:3.6)
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5.3.2. Transformation of the problem from (), to a fixed domain (),

The next step, in order to apply the I'-convergence technique, is to transform the minimization problem
onto the fized domain 1, which is independent from the thickness h. According to the results from the
previous subsection, we have the following minimization problem on

HERCERGR VIR /Q (Waap (T) + Wer (T5) ) det(V,¢ (n)) det(V,:0)) dV,, — T (¢, Q¢)

= / B[ (Wanp (T + Weurn(Th) ) det(V,0)%)| dV;, ~T0 (5, Q) > min wrt (65,Q7),  (5.3.7)
Q

=J2 (5, Vot QT
where
7 7 2 o 2 A o 2
Winp(Un') = pllsym(Up' — 13)||7 + pe [[skew (Up' — 13)[|7 + g[tr(sym(Uh - 13))]%,

Weure(T}) = L2 (a1 dev sym Th||? + az [|skew T} ||* + a3 [tr(I‘EL)]z) : (5.3.8)

with TT% (4,0u Q ) = Hh( )JrHE(@i)v

=

N,

‘gn'
[

fiy(o) = [ (Fiav = [ (7o) dewism vy =n [ (7 av

(@) = 11.(@,) = / @Q.)dS = [ (@ Q5 det(V,(n) dS, = h / @.Qds, .  (5.39)

ry

with 2(n) = F(C(n)), @(n) = a(C(n), &(n) = a((n) and Qi(n) = Qu(((n). Here we recall that
regarding to the regularity condition (5.2.22), it holds

F5 e L2 (1, R?), & e L3I, R, Q' e L2, RY). (5.3.10)

Therefore, we may write

[T ()] = [h / (o @YdVy| < Bl e @z

M@0 = Ih [ @ Q0S| < b laqe @ haces (5:3.11)
and consequently
I (%, @O < R [1F¥ 2 1 2y + 12y 1@z, - (5.3.12)
The Dirichlet-type boundary conditions (in the sense of the trace) on Fh = 7 X [— %, %} y=0" () C
dw, read on the boundary T'y =y x [ — 1, 1] as % = @4 on Ty, where % = @71 (ph).
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VO(0) = (Vyo|no)
0,Q0 = polar(V@(O))

Figure 5.3.: The complete picture of the involved domains. € is the fictitious flat domain with unit thickness, Q¢ denotes
the curved reference configuration, 2. is the current deformed configuration. Again, the reference configura-
tion Q¢ takes on the role of a compatible intermediate configuration in the multiplicative decomposition.

5.4. Equi-coercivity and compactness of the family of energy
functionals

5.4.1. The set of admissible solutions

Due to the scaling, we have obtained a family of functionals
7h . —
T Vit QLT = /Q B[ (Wanp (T + Weurn(T) ) det((V,0)%)| v, (5.4.1)
1

depending on the thickness h. The next step is to prepare a suitable space X on which the existence
of I'-convergence will be studied. As already mentioned, for applying the techniques of I'-limit we need
to assume that the space X is separable or metrizable. Since working in H'(Q;,R?) x W2(Qy,S0(3))
means to consider the weak topopolgy, which does not give rise to a metric space, we introduce the
following spaces:

X = {(¢,@2) € LA(Q1, R?) x L2(21,S0(3))},

X' 1= {(¢,@0) € H' (1, R?) x WH2(2,,80(3))},

Xo = {(#,Q.) € L*(w,R?) x L*(w,S0(3))}, (5.4.2)

X, = {(p,Q,) € H'(w,R?) x WH?(w,SO(3))}.
We also consider the following admissible sets

= {(¢,Q.) € H'(,R?) x W 2(91,80 D | elr, () = @i},
= {(,Qc) € H'(w,R*) x W' (w,80(3)) | ¢low (1, 712) = @} (m.m2,0)} (5.4.3)
m

By the imbedding theorem ([32], Theorem 6.1-3), the imbedding X’ C X is true and clearly X, C X,

X, c X2
The functionals in our analysis are obtained by extending the functionals Jj (respectively Ij,) to the
entire space X and to take their averages over the thickness, through

1 =1 . oL
3 I VR QLTY) i (44,00) €S,

+o0 else in X.

—
T (", Vie", QL. T) (5.4.4)

1 rol 1 =y ol
_ ) g I VIR Q0T - SI(95.Q0) i (#1.Q0) €S,
+o00 else in X.

1/2

2Since 0o > [ |p|?dwdy = [ [~ o

|o|? dz dx dy = fQ1 |¢|? dV, which means any element from X,,, belongs to X as well.
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The main aim of the current chapter is to find the I'-limit of the family of functional IEL(goh, V’},cph,@i, FEL),

i.e., to obtain an energy functional expressed only in terms of the weak limit of a subsequence of

(Wifvéi,hj) € X, when h; goes to zero. In other words, as we will see, to construct an energy func-

tion depending only on quantities defined on the midsurface of the shell-like domain, see Figure 5.4 . As
a first step we consider the functionals

1 — —

j}?((ﬂh, vg(ph’@i, FEL) _ E JE(@hv vchh’ Qi’ Fi) if ((phv Qi) € Slv

400 else in X.

(5.4.5)

5.4.2. Equi-coercivity and compactness of the family j,f

Theorem 5.4.1. Assume that the initial configuration is defined by a continuous injective mapping
Yo : w C R? — R? which admits an extension to @ into C?(w;R?) such that det[V,O(0)] > ag > 0 on w,
where ag s a positive constant, and assume that the boundary data satisfies the conditions

@El = gpd|rl (in the sense of traces) for ¢4 € H (1, R3). (5.4.6)

Consider a sequence (‘Pijv@i,hj) € X, such that the energy functionals j}fj(goij,@ihj) are bounded as
hj — 0. Let the constitutive parameters satisfy

uw >0, k>0, e >0, a; >0, as > 0, az > 0. (5.4.7)

Then the sequence (goij,@iﬁhj) admits a subsequence which is weakly convergent to (@E,@iyo) € X,.

VO(0) = (Vyolno) we = yo(w)
0, Qo = polar(VO(0))
- - ng
/
/Yo

8&52 Yo,

aﬂcl Yo

Figure 5.4.: Kinematics of the dimensionally reduced Cosserat shell model. All fields are referred to two-dimensional
surfaces. The geometry of the curved surface we is fully encoded by the map ©. Instead of the elastic
deformation starting from weg, the total deformation m from the fictitious flat midsurface w is considered,

likewise for the total rotation R.

Proof. Consider the sequence ((pij,@i,hj) € X, such that the energy functionals ._7,5]_ ((pij,@i)hj) are
bounded as h; — 0. Obviously this implies that (gpij,@ivhj) € &' for all hj. We have

= = = —4,T ) _
21T~ 151 + 115112) > (1T — 1] + 13?2 T8> = Q2T Tyoh [(V.0)8 ()]~ P

= @Vl (VL0 ()L QY Vi (V.0 ()] 7Y
= [ Vi) [(Va0) ()] 12 (5.4.8)
Thus, we deduce with (5.4.8);

— 1 , -
T3 = 111° = S IV3 e, [(V20)F ()] H1° = 3. (5.4.9)
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But

IVhsf, || = IV a), [(Va®)Rm)] M (V@) Il < IVAf, [(Va©)2 )] M- (V20 )], (5.4.10)
and we obtain

1

Vil (V) )] = IVl [ 5.4.11
From the formula [(V,0)%(n)] = (Vyo|no) + hjns(Vng|0) we get
1(V20) ()l < 1(Vyolno) | + ko [ns] [[(Vrol0)l| < [[(Vyolno) || + Ry | (Vno|0)
< [(Vyolno) [l + [[(VnolO)], (5.4.12)
since h; < 1. Thus
! ! (5.4.13)

V20T = TV ol + (Vo 0]

Moreover, since yo € C2(w; R?), it follows that for h; small enough that there exists ¢; > 0 such that

1
0% m] = (5.4.14)

Therefore, from (5.4.9) and (5.4.11), we get that there exist ¢1, ¢y > 0 such that

77 1 oh,
1T, — 13l = S IV i, I — ca. (5.4.15)
From the hypothesis we have
00 > T (¢4 . Qip) 2 / (Wano (T) + Weure(15,) ) det(V.,0)7) dV, (5.4.16)
(951

> [ Won05) det(9.,0)9) dV, = min(c} ) [ [T~ La] det(V,0)9)aV
Ql Q1

where ¢ denotes the smallest eigenvalue of the quadratic form Wie (X).

Let us recall that det(V,0(z3)) = det(Vyo|no) {1 —2x3H + 23 K] = det(Vyo|no)(1 — k1 z3)(1 — k2 3),

where H,K are the mean curvature and Gaufl curvature, respectively. But (1 — k1 z3)(1 — ke z:3) > 0,
Va3 € [—hi/2,hi/2] if and only if h; satisfies the hypothesis. Therefore, there exists a constant ¢ > 0 such
that

det(V;0(xz3)) > cdet(Vyglng) V xs € [—h/2,h/2]. (5.4.17)
Due to the hypothesis det[V,©(0)] > ag > 0 this implies that there exists a constant ¢ > 0 such that
det(VzO(z3)) > ¢ V xs € [—hif2,hi/2], (5.4.18)

which means that det(V,0(x3)!) > ¢ V x5 € [~1/2,1/2].

Hence, from (5.4.16), (5.4.15) and (5.4.18), it follows that for small enough h; there exist constants ¢; > 0
and ¢y > 0 such that

—h )
00 > T (¢),Qen,) > 1 /Q IV 4, 12V, — e (5.4.19)
> B2 g2 1 hop2
za | 19,0, 17 A+ 11002 23, 17 + 72100025, 117 | dVyy = co.
1 J

Furthermore, due to the hypothesis on h, it is clear that there exists ¢ > 0 such that

1
100,25, 1% + 100200, 11> + 75100025, 17 = ¢ (1100, 05, 17 + 19003, 1 + 100005, 17 ) (5.4.20)
J J hj J J J J
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which implies the existence of ¢1,co > 0 such that

—t
00> TG, Qi) Z e [ (10068, P+ 108, I+ 10065, ) Vi — ca (5.4.21)

Q

=1V o}, 112
We also obtain, applying the Poincaré—inequality [96], that there exists a constant C' > 0 such that
h; h; h; h;
V500, 122 = V326, = Vi 0a + Vi @alliag,
h; h;
> (IVh (), = ea)llieg) — IV Gallis)?

= ||V (<Pij —¢a)llF2(,) — 2IV5y (‘Pij — )Lz IV allLzw) + IV ¢allf2 ()
(5.4.22)

v

Clleh — pall?ny —2eh — Calli (@ IV eallizwy + IV @all? 2,
) (@) ) @)
1 _ .
> Cllgh — eallfne — = 165, — ealline — eV @alliae + IV @allta,  VYe>0,
) @ ~ 7 len, (@) @) (@)

where we have used Young’s and Poincaré’s inequality. Therefore, by choosing € > 0 small enough,
(5.4.22) ensures the existence of constants ¢; > 0 and ¢z € R such that

Hvzwauniz(w) =z 61”905” — @allipw) —e2 > 52 (||S051j 1t @) = llpallr w)® = e
C1 C1
> 5llwij s ) + 5 lpallii @) = c2- (5.4.23)
Thus, there exists ¢; > 0 and ¢y € R such that
. C1
IV 63, 12wy > 5 16, I ) — €2 (5.4.24)

which implies the uniform bound for ‘PEL]- in §&’. On the other hand, since

1 1
100, 5, 17 + 10n, 05, 1% + ﬁllf%soij I? > ﬁH@nstpi]_ 112, (5.4.25)
J j
from (5.4.19) it results that %H@% ‘PEz,- ||? is bounded, i.e., there is ¢ > 0, such that
10n, 25, L2 < chy. (5.4.26)

This means that 0y, gp?lj — 0 strongly in L*(Q), when h; — 0.

Hence, considering (@ij,@iyhj) € X, such that the energy functionals J}Ej(@ij»@i,hj) are bounded, it
follows that any limit point ga(n) of goij for the weak topology of L?(€2;, R3) (which exists due to its uniform

boundedness in H' (w, R?)) satisfies
Oy =0 = ©f e HY(w,R%). (5.4.27)
Similar arguments for the curvature energy implies that there exists ¢ > 0 such that

7h —~
00 > Jf (05, Qi) > i Weury (T, ) det((V2©)) dV, > /Q ¢ [|T5, |I* det((V2©)") dV, (5.4.28)
1 1
i el ST o Al L oT 4 7t -
=c / (ax1@Z, 0m@En) |ax@E, 00 @E ) | 5-axI@Eh, 0 QE 1) ) (V20 ()]
Q) j
In the next step, as in the deduction of (5.4.8)—(5.4.19), it will be shown that for a1, a2, as > 0 there exists ¢ > 0
such that

’ det((V20)%) dV, .

1

—=b,T —=kh ard —=h —=b,T —=h
w05 ¢ [ (1@, 00 @ I + 10x(QE, 0@ I + @, 00,82 I ) Vs
1 J

=47 =t =T —h 1 =7 —h
[ (1@, 00, I+ 1@, 0 Qe I+ QT 0 Qe ) (5.4.29)
1 J

—y —b 1 —
[ (10, I 4100, I + 5100, I ) Vs
1 J
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With the same argument as the membrane part, we deduce
O Qe 12+ 100 Q0 12 + 100 @0 12 dV 5.4.30
o> 100, Qe n 7+ 1100, Qe o, 117+ 109, Qe i, 0 (5.4.30)
1

where ¢ > 0. Hence, it follows that &,i@im is bounded in L*(Q,R3*3), for i+ = 1,2,3. Since @i,h,- €
SO(3), we have H@ihj |2 = 3 and therefore @i,hj is bounded in L?(Q;,R3*3). Hence, we can infer that
the sequence @i)hj is bounded in W?(Q;,S0(3)), independently from h;.

Therefore, there is a subsequence from @i,hj which is weakly convergent (without relabeling) to @i,O'
That is

Qiy — Qi I WH(Q,,50(3)). (5.4.31)

In addition, from (5.4.29), we also obtain that there exists ¢ > 0 such that ch; > H&maihj lL2(0,,50(3))-
This means that 8,]3@27;,7, — 0 strongly in L?(Q1,S0(3)), when h; — 0. Hence, considering .(galibj , éihj) €
X, such that the energy functional j,'jj ((pij,@i) hj) are bounded, it follows that any limit point @i,o of
@i h; for the weak topology of X satisfies

8,,3@20 =0 = @i,o € W% (w, S0(3)). (5.4.32)

From (5.4.27), (5.4.32) and due to the continuity of the trace operator we obtain that considering
(goi‘j,@i_’hj) € X, such that the energy functional jﬁj (apij ,@i’hj) are bounded, it follows that any limit
point (@E,@i,o) for the weak topology of X belongs to S/, (since actually, such a sequence belongs to
8. ]

Since the embedding X’ C X is compact, it follows that the set of the sequence of energies due to
the scaling is a subset of X’, and hence, we have obtained that the family of energy functionals J,hL is
equi-coercive with respect to X.

5.5. The construction of the I'-limit J; of the rescaled energies

In this section we construct the I'-limit of the rescaled energies

1 —1 . —
a) 7Jh h7vh ha 71—‘h f h7 68/7
VARG RS RN w5 V@', Qe 1) i (65, Qc) (5.5.1)
400 else in X,
with
7h I —_—
JE (95, VI QT = /Q [ (W (TF) + Weee (T3)) det((V,0)9)] a, (5:5.2)

5.5.1. Auxiliary optimization problem

For ¢f : Q; — R3 and @i : Q1 — SO(3) we associate the non fully dimensional reduced elastic shell
stretch tensor

7= =T _
Uggr =@ (Vi@ 0)[(Va0) ™, (5.5.3)
and the non fully dimensional reduced elastic shell strain tensor

€ i = (@ Vinm@® — (T 10)[(V0) ] =T, 2 = (Vyo)*|0)[(Va©) . (5.5.4)

Here, "non-fully” means that the introduced quantities still depend on 73 and h, because the elements
V(mm)goh still depend on 73 and @h’T depends on h.
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For reaching our goal we need to solve the following optimization problem: for ¢ : Q; — R? and
@i : Q1 — SO(3), we determine a vector d* € R? through

om 7h7T % - . haT —
Whm(E L ) = W (@ (Vs 14 [(V20)71) o= inf, Wiy (@17 (V50 1y #710) [(V20)7] ).

cER3
(5.5.5)

The motivation for this optimization problem is to minimize the effect of the derivative in the n3-
direction in the local energy Wy,,. Due to the coercivity and continuity of the energy Wiy, it is

clear that this function is well defined and the infimum is attained. Note that ¢! and @i depend
on 73 and h. Hence er;l%m’“(gw @u) depends on 73 and h. While it is not immediately clear why

Winp (QE’T(V(mm)wh|d*)[(Vm@)h]_1) can be expressed as a function of 5@
fied in the rest of this subsection.

ok this aspect will be clari-

Now we calculate the variation of the energy (5.5.5) at equilibrium to be minimized over ¢ € R? in order
to determine the minimizer d*. For arbitrary increment §d* € R3, we have

¥V od" €RY . (DWinp (@ (Vg 149 [(V20)5 1), Q2 (0016d")[(V.©) 1) = 0. (5.5.6)

We do some lengthy but straightforward calculations using the fact that [V,0] Tes = ng and [(V.©0)%] Tes =
no, as well. By applying DWy,, we obtain

2 (sym(@ T (Vg #7147 (V20)7) 7 = 1)), @E 7 (010104 (V20)7) ") g
+ (2 e (kew(@2T (Vg0 @17 [(V20) 7)), @2 (010100 [(V20)] g (5.5.7)
+ 2t (sym(@2 (Vg @14 [(V20)77! = 1) ) (1, Q2 (010/0d") (V2 0)F] mas = 0.
This is equivalent to
(2@ (sym(@F (V) 14V [(VaO) ] ! = 1) ) [(V20)F] g, 6"
(210 Q (Skew(QF T (V gy oy 14 [(T20)] ) (Vo O] T, 6" 5 (5.5.8)
e (sym(@2 (Vg @ ld)(V20)]7! = 1)) @LI(V.0)] g, 6" )zs = 0,
and it gives
2@ (sym(@2 (Vg 14 [(Va©)] ! = 13) ) o, 6",
+ (2020 Q1 (skew (@2 (Vs 914 [(VoO)] ) Jmo, 87 ) (5.5.9)

+ At (sym(@27 (Vg @14 (V2 ©)T] ™ = 19) ) (@, 0"z = 0

Recall that the first Piola—Kirchhoff stress tensor in the reference configuration () is given by Sy (Fg, R¢) =
D g, Winp(Fe, Re), while the Biot-type stress tensor is Tgiot(Ug) = Dﬁg Winp(Ug). Since Dp Ue. X =

E?X and (D g, Winp (Fe, Re), X) = <D5£me(ﬁg),DF5U5X>, VX € R33 | we obtain
Dp, Winp (Fe, Re) = Re Dﬁg Winp (Ue) - (5.5.10)
Therefore, S1(F¢, R¢) = Re Triot(Ug) and Tgiot(Ue) = R? Sy (Fe, Re). Here, we have
Thiot (Ug) = 2 sym(Ug — 13) + 2 i skew(Ug — 13) + M tr(sym(Ug — 13)) 13, (5.5.11)
where Ug(@(xh T9,23)) = Ue(x1, 9, w3). Thus, we can express the first Piola Kirchhoff stress tensor
S1(Fe,Re) = Re [2 p sym(R Fe — 13) + 2 i, skew(Rg Fe — 15) + Atr(sym(Re Fe — 15))1s],  (5.5.12)

with Re(O(x1,22,23)) = Q.(21,22,73) for the elastic microrotation @, : 2, — SO(3). Hence, we must
have

Vod* €R®: (S1((V gy @) (V)] ™1, @ Ing, 6 )s = 0, (5.5.13)
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implying

1 (V@) (V2071 Q) mo =0 iz € [—; ;] : (5.5.14)

In shell theories, the usual assumption is that the normal stress on the transverse boundaries are vanishing,
that is

Sl(F&Eﬁ)Luf (£no) =0, (normal stress on lower and upper faces is zero) . (5.5.15)

We notice that the condition (5.5.14) is for all n3 € [—31, 3], while the condition (5.5.15) is only for
N3 = :l:%. Therefore, it is possible that the Cosserat-membrane type I'-limit underestimates the real
stresses (e.g., the transverse shear stresses). From the relation between the first Piola-Kirchhoff tensor
and the Biot-stress tensor we obtain

Toion (05 (Vi 4)(V20) ] Yo =0, ¥ € [-3, 3], (55.16)
or, equivalently,
TBiot(UWu,ai’d*) no = 0, (5.5.17)
where
TBiot(Uw,@i,d*) =2u Sym(Uiph,ai,d* —13) + 2 e SkeW(Ucpu@i,d* —13) + Atr(sym(waQQ’d* —13))13,

(5.5.18)

and we have introduced the notation U = @i’T(V(mm)gph|d*)[(Vm@)”]’1. With the help of the

e, Qhdn
following decomposition

— 1y = (@ VY iam @ — (VH0)H|0)[(V©)7] L + (0[0]Q2 " d* = no)[(V4©)]
(01015 d" —no)[(V.0)] (5.5.19)

Us@“@i,d*
- gs@”@i +

with 5@”@2 = (QE’TV(mm)gph — (V10)#0)[(V©)#] 7!, and relations (A.1.1)-(A.1.3), the relation (5.5.18)
can be expressed as

Toiot (U o g g0 = 1 (€5, gemo + (@F7d" = o) + [(V2©)") " (0[0]QE" d" = o) o )
e (= €7, o+ (@7 d" = no) — (V00 (00[QE"d" = o) o)
+ /\(<g¢h,§i’ 13>TLO + (@i’Td* - no)no X no)
*th * 7h1T * —
=(u +pe) Q. d” —no) + (1 — pe )EZu@g”o + (1 = pe)((00[QF 7 d" = m0)[(V2©) ] 1) no
+AtE(E , s )no + M@ d* — no)no ® o, (5.5.20)
and the condition (5.5.17) on Tpiet reads

*th * *th * =0T *
(1 +pe )(Qe d" —no) + (1 — pe )(Q: d™ —no)no @ng + A(Qi d* —ng)ng ® ng

= - |:(/*L — He )€§h7§in0 + )\tr(gtp”,éi)no s

(5.5.21)

where ((O|0|@i’Td* —n0)[(V20) ") Tng = (@i’Td* —ng)ng ® ng. Before continuing the calculations, we
introduce the tensor

Ay, = (Vyol0) [(V20)(0)] 7 = 13 — ng @ ng € Sym(3), (5.5.22)
and we notice that, identically as in the proof of Lemma 4.3 in [56], we can show that

ggoh,@iAyo =<

o <~ gw”@ino ®@mng = 0. (5.5.23)
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Actually, for an arbitrary matrix X = (x| % |0) [V,O(0)] 71, since Aio =A, € Sym(3) and XA, =X,

we have
(13— Ay) X, Ay X) = ((Ay, —A2) X, X) =0,
but also
(13— Ayy) XT = (X(13— Ay)) " = (X — XA,,)" =0, (5.5.24)
and consequently
(XT(13—Ayy), Ay X) =0 aswellas (X7 (13— Ay), (13— Ay) X) =0.
In addition, since A,, = 13 — (0|0ng) (0|0|ng)” = 15 — ng ® ng, the following equalities holds

115 = Ayy) X[1* = (X, (I3 — Ayy)* X) = (X, (13 — Ay) X) = (X, (0[0]n0) (0[0]n0)" X)
((0l0ln0)" X, (00]r0)" X) = [|X (0[0]r0) " ||* = [IXT (0[0]n0)[|* = [| X o>

(5.5.25)
We have the following decomposition
—,T ., —4,T ., —0,T
(@7 d" =) = 1a(QF " d" = no) = (Ay, +n0 @ 1) (@2 d* = no)
2 *T * 2 ’T *
= Ay (@7 d" = no) + 1o @ o (@ d* = ng). (5.5.26)

By using that

*7T* *7T* **T* *7T*
no @ no(QF " d* — no) = no(no, (Q2 d* — no)) = (@0 d* = no),no)no = (@ d* — no)no @ no,
(5.5.27)

and with (5.5.21), we get
*b»T * *LLT * *th £3
(1 + pe ) Aye (Q d" — o) + (1 + pre )no @ no(Q d* — o) + (1 — e Jno @ no(Q, d* —no)

7h7T %
+Ang®@no(Q.) d* —ng) = — {(,u — e )S;‘;@ino + )‘tr(‘%u,@i)no} .
(5.5.28)

Therefore,
—h,T "
((u F e ) Ayy + (21 + Mo ® n0> Q" —ng) = — [(,,L — 1 )ET, emo+ /\tr(é'w@i)no] (5.5.29)

Direct calculation shows

1
A
PR YN

((u +pe)Ay, + (20 + A)np ® n()) B = ( ng ® no) . (5.5.30)

Next, by using
Ayono = (13 —no ® no)no = no — no{no, no) = no — no =0,
— T
no @ 10 €7, a0 = (0]0[n0) (010[10)" €%, im0 = (0101n0) (@F" V iy may#” = (Va0 FI0)[(V20)"] ™ (0]0}m0) ) mo

= (0101n0) (@5 V@ — (V) [0)(010]es) ) 'm0 =0, (5.5.31)

eq. (5.5.29) can be written as

=0T 1
Q. d"—ng=— [mAyo + mno ® n0:| X |:(,LL — Me )5;; )aino + )\tr(c‘)@h@i)no} (5532)
B— He B— He A
= — |:/J, T ,U/Z yog:jh}@ino + 2/$ +c)\ ny ® ng 5;11)6:77»0 + m tr(gw@i)AyonO
A Bo— T A
+ m tr(gap“,@i)(no & 710)710} = — [/1, n ’uZ yogvh,aino + m tr(c‘:@h’ai)no .
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Simplifying (5.5.32) we obtain

D) [

5
20 + A Q Quno

NC+

In terms of @i = EhQO’T we obtain the following expression for d*

d*:(l

H e RO (@R Vi et - (Vo) 0[(V,0)1 ) no. (5.5.33)

QR V@ — (Vo0 0)[(V20)7] ™", 1) ) R'Q5 o

Now we insert d* in the membrane energy
T o 2 T 2 A T 2
Winp (Ur') = pllsym(Un’ = L3)II” + pe [[skew (Up' — 15)[|" + S [tr(sym(Uy' — 13))]°.

Using (A.2.6), (A.2.11) and (A.2.12) in Appendix, we obtain the explicit form of the homogenized energy
for the membrane part

hom, 2 7(ﬂc *N) 2, ﬂ( ) 2
me (E b Qh) =pH ||Sym5 b Qh || + (’u =+ M)Q || ot Qh || (MC ) H b, thOH
pA? _
+ e 1) e Iokew (@ (T FOUVLOFI I (5530
pre (pe —p)? 2 He(pe —p) 2 2% 2
4+ = tefe Tlet +—tr(€ , 51)7,
2 (pe +u)2” gl T ) el g Mead)
and finally
WESE(E , 20 = W (€0 ) — St e g2 (5.5.35)
mp 4;9“7@5 shell tph,Qi 2([& ) o, Qh ofl » 0.
where
Wenen(X) = g ||lsym X ||2 + pe [|skew X2 + AR [trX]2.
A4+2p
Using the orthogonal decomposition in the tangential plane and in the normal direction, gives
X =xl+x+ Xl=A, X, Xt = (13- A,) X, (5.5.36)

we deduce that for all X = (x| % |0) - [V.O(0)]~! we have the following split in the expression of the
considered quadratic forms

W (X) = g syin X2 g ke X2+ 008 ey S0 (w0’ (5537)
Moreover, using that for all X = (x| % |0) [V,©(0)]7}, it holds that
tr(X ) = tr (15 — Aye)X) = tr(X) — tr(A,, X) = tr(X) — tr(X Ay,) =0, (5.5.38)
we obtain
Wanen (€ 2 ) = sllsym €], P 4 e llskeow €1, 1% + 5 j’;u [or(e!, )] + 55 16 e

12 +Mc
+ \|5¢h o nol>. (5.5.39)

_ I I I
=p|sym € uQuH + pe [|skew € uQnH + m [tr( v”@i)]

Therefore, the homogenized energy for the membrane part is

W0 ) = mllsym €1, o P+ e lskew &1, 2+ 24— (el )]
PR T g - ;(u ~L e, anol?
— ulsym 5“ ol +beliskew €l 12+ Aii’;u[ ( lb@i)]2+ 2““6 €5, emoll?
= Wanan (€L, ) + 2 2“‘“ gk o I* (5.5.40)
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5.5.2. Homogenized membrane energy

Now, we will be able to propose the form of the homogenized membrane energy. To each pair (m, @QO),
where m : w — R3, @e,o :w — SO(3), we associate the elastic shell strain tensor

Emns = (QugVm — Viyol0)[V.O(0)] 7", (5.5.41)

and we define the homogenized energy

W () = inf Wy (QLo(VmId(V2O)(0)] ") = inf W (Em,s — (01 [(V20)(O0)] ).
(5.5.42)

Direct calculations as in the previous subsection (5.5.1) show us that the infimum is attained for

S A = Pe = [ = or
@ =1 i - (Em,ss 1) ) Qe omo + o Qeofhano, (5.5.43)

and

om A 2 2 c
Whom(,,.0) = pllsym D, 12 + rc [Iskew €D 12 + ~25— [ur(el, )] + LD gl (5.5.44)

mp m,s

A + 2 1% He + 1%
21 e
= sheu(&”n,s) + m”é‘#m %,
where
Iy — E (A S
Wshell (gm,s) = u Hsym gm7s|| + L ||skew gm,s” + [tr(gmﬁ)} : (5545)

A+2p

Note that Wr}ﬁ%m’h(gwu@i) constructed in (5.5.40) depends on 73 and h, while Who™(E,, ;) in (5.5.44)

does not depend on 73 and h, since Q,  and [(V;0)(0)] do not depend on 73 and h.

5.5.3. Homogenized curvature energy

We define the homogenized curvature energy as
117 hom e =0T 5 =t =0T o A * _
WASRE(E) = Weurs (ax1(@2 " 0,,Q0) |ax1(@7 " 0,,Q0) | ax1(47) ) [(V,0)7]

= inf Weun (axl@i’T 9,0 |ax1(@"" 9,,@) | axl(A))[(vﬁ@)hrl, (5.5.46)

A€so(3)

where
K= (ax1(@7 0,,Q0) [ax1(@2 " 9,,02) 10)[(V.0)7] 7",

represents a not fully reduced elastic shell bending-curvature tensor, in the sense that it still depends on

ns and h, since @i = @z(m, 72,M3). Therefore, Wg’ﬁi‘“(l@) given by the above definitions still depends
on 13 and h.

As in the case of the homogenized membrane part in (5.3.8), from which we obtained the unknown d*, one
can explicitly determine the infinitesimal microrotation A* € s0(3) as well. Ghiba et.al, in [55] obtained
the homogenized quadratic curvature energy (see Chapter 6 for explicit calculations). However in this
chapter, it is enough to see that WN/g{fr‘f,’ is uniquely defined and has the other requirements like remaining
convex in its argument and having the same growth as WN/CHW. Therefore,

curv

Weur (1) = Whe(1C3), (5.5.47)

ie.,

_ ] ] _ 1 7 |
Wears ((2x1(Q2 ), 00, Q2 ) [ axL (@2 90, Qi) | 7 ax1(@L 1 02,02 0) ) (V2077 (5.5.48)

> Whent ((@x1@:" 0,,Q0) |ax1(@2 " 9,,Q2) 0)[(V.0)77"),
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where this relation will help us in subsection 5.6.1 to show the lim inf condition for the curvature energy.

In order to construct the I'-limit, we have to define a homogenized curvature energy. This energy will be
expressed in terms of the elastic shell bending-curvature tensor

es: = (axl(Q. , 02, Q ax1(Q, 0z, Q © B ym(3), elastic shell bending—curvature tensor,
K, Qs 005, Qe0) | ax1(Qr 0 02, Q,.0) 10)[V2O(0) | ™" & Sym(3), elastic shell bend

which will be defined for any @, : w = SO(3). For Q. : w — SO(3), we set

W (Kes) = Wty (1@ 00, Qe ) | ax1(@1 0 0,Qe ) | ax1(A°) )[(VLOF ()1 (5.5.49)
= ot Weuee (451(Q70 0, @..0) | 031 @20 90,Qe0) | x1(4) ) [(V20)%(0)]

Again note that while Wg‘f&“”(/@) (previously constructed) depends on 73 and h, ngu?g(lc“) does not
depend on 73 and h, since @,  and [(V,0)(0)] do not depend on 73 and h.

5.6. T'-convergence of 7,

We are now ready to formulate the main result of this chapter

Theorem 5.6.1. Assume that the initial configuration of the curved shell is defined by a continuous
injective mapping yo : w C RZ — R3 which admits an extension to W into C?(w;R3) such that for

O(x1, 2, x3) = yo(x1, x2) + T3n0(T1, T2)

we have det[V,0(0)] > ap > 0 on @, where ag is a constant, and assume that the boundary data satisfy
the conditions
@Z = ‘pd’m (in the sense of traces) for ¢4 € H'(Q1;R3). (5.6.1)

Let the constitutive parameters satisfy

>0, k>0, e >0, a1 >0, as > 0, a3 >0. (5.6.2)

Then, for any sequence (goij,@iﬁhj) € X such that (SOELjv@i,hj) — (@O»Qe,o) as h; — 0, the sequence of
functionals Jp,;: X — R T-converges to the limit energy functional Jo: X — R defined by

- Whom(€,, 5 )+ Whomn(K. )] det(V do if (m,Q.o) €S,
jo(m, Qe O) _ fw[ mp ( m’Qe,O) curv( s )} € ( y0|7’l0) w Zf (m QQO) w (563)
7 +00 else in X,
where
o 1 el . 1
m(th?) = 900(3317902) = hljlglo @hj (331,.132, ijS)’ Qe,O(mlaxQ) = hljlfo Qe,hj (131,%‘2, h7jx3)7
—T _
€.y = (@eoVm = Viol0)[Vo0(0)] (5.6.4)
—T _ _T . B
Kews = (2@ 0 92, Qo) [031(Qr 02,000 0) [V O(0) |7 & Sym(3).
and
hom(e _y _ I 2 : I 2, AW I 2 | 24 fle or 2
Wy (67"’Qe~0) = pllsym 67"7@,0” e [Jskew 57%@@,0” + A+2p [tr(é’m’@cvo)] +Mc +u Hgmee,o ol
2pp
= Wsheu(f?,”n,@c’o) o +; 1€sa, 1% (5.6.5)
117 hom . s =T o —T — _
WA ) = inf - W (w61(@L 00, Q. ) [051(@L 0 Q) | 61(4) ) (V.00
b1b 2b1b
— uL2(b I 112 2 b llsk 2 173 ekl )2 22 et ).
P2 (ballsym KL + ballske KL + 1 255 (KL + =5 KL )

Proof. The first part of the proof is represented by the proof of equi-coercivity and compactness of the
family of energy functionals which are already done. The rest of the proof will be divided into two parts
which make the subjects of the following two subsections. |
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5.6.1. Step 1 of the proof. The lim-inf condition
In this section we prove the following lemma

Lemma 5.6.2. In the hypothesis of Theorem 5.6.1, for any sequence (wij ,@i’hj) € X such that (@ij,@iyhj) —
(95, Qo) for hy — 0, ie.,

Gl in QLR QL > Qh,  in L*(Q4,50(3)), (5.6.6)
we have
=i .. —=h
Jo(§, Qe0) < liminf T (2], Qe,n,)- (5.6.7)
J

Proof. Tt is clear that we may restrict our proof to the sequences (goij , @i,hj) € S8’ C X', ie., to sequences
in which the functionals j,f (@i ,@i h, ) are finite, since otherwise the statement is satisfied. In addition,

any (goh ,Qe n,) such that jh ((ph 7Qe n;) < oo is uniformly bounded in X’. Therefore, there exists a
subsequence (not relabeled) Wthh is Weakly convergent in X’. Due to the strong convergence of the

original sequence, the considered subsequence is weakly convergent to (goh,@heﬁo), ie.,

. R b b .
o —eh in LAQ,RY), Q. —Q., in L(Q1,80(3)). (5.6.8)

J

Therefore, we have the weak convergence (goiwéi,hj) (without relabeling it) to (@07 Qe o) in H (w,R3) x
W2(w,50(3)). For T}, = Q2 VEe#[(V.©)f]~! we have

_ _ _ A _
Wanp (Ui) = po sy m (T — 13)[|* + pe |skew (Ui — 1)|* + 5 [tr(sym (T — 13)))%, (5.6.9)
. . =T —
while for 5@“@2 = gsl«l”,ai + 5; o with gw”@i = (Q. Vin ) ®" — [Vo]?10)[(V.0)"] = we have
2 2u Pe
"+

A
24 I
Ll ey [tx(€

W™ (€ o ge) = mllsym €], [P+ pe [skew €]

’ || 7
©h,Q, »",Q,

Hence, for the sequence (@ij,@z,hj) € Hl(Ql,]R3) X W1’2(Ql,SO(3)) where (@ELJ_,@EM) — (%O(h)v@i,o)
with J;‘Lj (goij,@i’hj) < 00, we have

Wi @1, Vi 5, [(V20)] 1) = W (thw(m,nz)wh\ Onai (VO ) = Whemi (€, o ),
(5.6.10)

=0T B
@, = Qe Vi ®h, — (V10)F0)[(V0) !

Then by taking the mtegral over §; on both sides and taking the liminf for h;, we obtain

where we recall that 5 ]

) det[V,O]* (1) dV, .

h1—1 b PR hom,f
hhm_1>1(1)f o me(Qe h, V [(VIG) 177) det[VLO]*(n) dV,, > h}gl_l}r(l)f /Ql Winp (gﬁj @g’hj

In the expression of £ o , the quantity [V,0]7! is evaluated in (z1, 22, 23) = (71,72, hn3). There-

Qi h
fore, we have to study its behav10ur for h; — 0. In addition, we recall the convergence results [43, Lemma
1]:

. 1
lim det[V, @] (m,1m2,13) = hhm det[Vm@]h(ml,mg, —x3) = det[Vx@]h(m,ng,O)

h;—0 ;=0 h;
= det(Vyolno) in C°(9Q),
. _ 1
lim [(V40) ¥ (1, m2,m3) = hm [(V 0) ¥ (x1, 22, —a3
h;—0 hj

=: (Vx@)7 (0) in  C°(Q).

) = [(V2©) "5 (n1,m2,0) (5.6.11)
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Due to (5.6.11), the weak convergence of the sequence goij and the strong convergence of the sequence

Vot
Q. 1., we have the weak convergence
EAR)

—h,T _
£ @, = QY #h, = (Vi IOIV-0)1!
=0T —
~ @0 Vi 2t — (Vi 0)[(VaOV] 1 (0) = E o - (5.612)

Using again (5.6.11), the convexity of the energy function Wr}r‘l%m % with respect to £ ol , the Fatou’s

Qi
Lemma, the characterization of liminf and the weak convergence (5.6.12) we get

lim inf / T/Vhom’h

hom,h
min )det[V O (n) av, >/ b 3@5,0) det(Vyolno) dV;, . (5.6.13)

=t
j’Qe’ha‘
Since both gog and Qi,o are independent of the transerve variable 73, we also obtain

%
. . —h,T ; — om
timint [ Won (@27, V03, (V2001 det( V.0 (n) vy > [ [ Wi (g5 0 ) det(Tnln) a,
Q2 -1 Jw e,

h;—0

_ / Wi (£, ) det(Vyolno) do.  (5.6.14)

w

We do the same process for the curvature energy, by using (5.5.47), the convexity of nggl in its argument
and the weak convergence

(@2, 00, Q1 s,) | (@, 02 Q1 1) 10) (V2 ) ()]~
— (ax1(@20 0, Qf0) | 2X1(Q20 0,00 10)[V.O(0)] . (5.6.15)

Using also (5.6.11), we arrive at

lim inf Weure () det[V,0)%(n) dV;, > lim inf WhomA(KC8) det[V,0]%(n) dV,
3J Ql i Ql

> lim inf ng;g*(/c ) det[V, O (n) dV, > / Thom (k. ) det(Vyo|no) dV

h; 1

Curv curv

/ whom (i, ) det(Vyo|no) dVy, = / wkhom (i, ) det(Vyo|no) dw . (5.6.16)

1
2

Since, me@ifjvﬁf@ij[(vme)h]—l) > 0 and WCHW(FEL) > 0, by combining (5.6.14) and (5.6.16) we
deduce '

lim in /Q Wi (@2, V105 [(V2©)717) + Wears (T5)] det [V, 014 (1) dV, (5.6.17)

/ (Wher(€,.,) + WS (Kes) ) det(Vyolno) dr = To(m, Q)

where we have used that Qi,o = @e,o and m = @g. Hence, the lim-inf inequality, (5.6.7) is proven. |

5.6.2. Step 2 of the proof: The lim-sup condition - recovery sequence

Now we show the following lemma

Lemma 5.6.3. In the hypothesis of Theorem 5.6.1, for all (905,@270) € L*(Q) x L*(Q1,80(3)) there
exists (o, Q. p,) € L2(0) x L*(, SO3)) with (g, . Q%) — (94, Q2o) such that

jo(SD(h)vQEo) > limsup Jy (¢}, ,th )- (5.6.18)

h;j—0
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Proof. Similar to the case of the lim-inf inequality, we can restrict our attention to sequences (apij ,@E hj) €

X such that J,Ej (@ij,@i)hj) < 00. Therefore, the sequence (‘pijv@i,hj) € X has a weakly convergent

subsequence in X', and we can focus on the space H'(Q1,R?) x Wh?(Q,50(3)).

One of the requirements for I'-convergence, is the existence of a recovery sequence. Thus, the idea is
to define an expansion for the deformation and the microrotation through the thickness. In reality, the
minimizers of the energy model can be a good candidate for constructing the recovery sequence. To do
s0, we look at the first order Taylor expansion of the nonlinear deformation SOELj in thickness direction 73

5. (M m2,ms) = @5, (11,712,0) + 13 Oy 0}, (1,772, 0) - (5.6.19)
With the formula
A —h He — b = o
d=(1- Ems, 1 & , 5.6.20
( 2,LL 4 )\< s 3>)Qe,0n0 + Lo ¥ 1 Qe,O m,sno ( )

and replacing %8773305% (m,m2,0) with d*(n1,n2), which means 8773905” (m,m2,0) = h;jd*(n1,n2), we make
J
an ansatz for our recovery sequence as following

5 (01,7m2,3) = 06 (m, 1) + hymad” (1,7m2). (5.6.21)

Since V(y, 1)¢" € L?(w,R3) and Q, 4 € SO(3), we obtain that d* belongs to L*(w,R?) and by letting
h;j — 0, it can be seen that for this ansatz ngLj — ¥g-

The reconstruction for the rotation @e,[) is not obvious, since on the one hand we have to maintain the
rotation constraint along the sequence and on the other hand we must approach the lower bound, which

excludes the simple reconstruction Qi,h,- (11,72,13) = Qe0(n1,m2). In order to meet both requirements
we consider therefore

oL - *
Qe,hj (M1,m2,m3) = Qe 0(m1,m2) - exp(h;nz A™(n1,m2)), (5.6.22)
where A* € s0(3) is the term obtained in (5.5.46), depending on the given @Q,, and we note that

A* € L2(w,50(3)) by the coercivity of Weury. Since exp : s0(3) — SO(3), we obtain that @i’hj € SO(3)

and for h; — 0, we have Qe hy, Q.o € L2(Q1,50(3)).
Since d* need not to be dlfferentlable we should consider another modified recovery sequence. For fixed
e > 0, we select d. € WH?(w, R?) such that ||d. — d* |12 (w,rs) < €. Therefore, accordingly we define the
final recovery sequence for the deformation as following

O, (M 12,713) == 9§ (11,m2) + hymade(n, 1o)- (5.6.23)

The same argument holds for A*: for fixed ¢ > 0 we may choose A. € W'?(w,50(3)) such that ||A. —
A*||12(w,s0(3)) < €- Hence, the final recovery sequence for the microrotation is like

7h —
Qe,nye(M:m2,m3) 1= Qe o(11,72) - exp(hyns A= (11,72)).- (5.6.24)

The gradient of the new recovery sequence of deformation is

Vn@ijys(m, N2:13) = (V(1m2) 90 (11, 12)[0) + Ry (01de (1, 112)) + Ayns(V iy oy de (111, m2) [0)
= (Vb (m,m2) hjd=(m1,7m2)) + hyns (Ve (111, m2)0), (5.6.25)

and the different terms in the curvature energy are

T —
Qe h; 68771626 hj.e = ( 377314 )TQe,O[ 1 eOeXp(th3A )+ Qe7OD eXp(hjn3A5) [ Jn3a A H
T —
Qe h],sa’flee hj,e — ( 377314 )TQe,O[aane 0 CXp<hJ773A ) + Qe,OD CXp(hjn3AE)'[hjn3an2A5H7 (5626)
—.T —T _
Qih, 0@ n, o« = exp(hnsA) Qe o[04, Qe o exp(hynsAz) + Q. oD exp(hynaA.).[hj Al

= hj exp(h;nsAc(m,n2))" D exp(hjns Ac(n1,m2)).[Ac],
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with 0,, Ac € 50(3). Now we introduce the quantities

Uo = Qe o(V 0 (1, m2)ld" (111, 72))[(V20) (0)] 1
Ui, = Qe (Voo m)lde (i, 12) + s (Ve (1, 12)10) ) (V2 ©)5(m)] ™

Us = Qoo (Vepo(n1 m2)ld= (1, m2)) (V. ©) (0)] 7%, (5.6.27)
1
Fh = 1 0 1%e,hj,e 1 e, sa 2%e,hj,e —— axl e sa 3%e,h;,e V.0 i 71’
e = (0 (@0, 0000, ) 1 (QE, 0@, o) | 1 (@, 0@ o) (V000
::F}Lj:,i ::Fif,s _Flslhs

Po = (axd (@000, Tu) | axl (@L000,Qe0) 10) [(V.0)(0)]

=T} =12
Note that
Fi,ﬁs = axl (eXP(hjngAs(nhnZ))T Dexp(hjngAg(nh772)).[145]). (5.6.28)
It holds
U5, = U5l =0, as h; —0, |1U;, = Toll = 0, as h; —0,e =0,
T3 = TGl =0, as  h;—>0e—0, i=12, [T} —axlA| -0, as h;—0.

We also have
1T — Doll® = 1@ o(Vepolde) [V20(0)] ™ — Qp o(Vipold*) [V O(0)] 1)
HQZ (010]d= — d*)[V,©(0)) 7|2
= (Qr0(0[0]d. — d*)[V.O(0)] ", Q, 4 (0/0]d- — d*)[V,0(0)] ")
= @. o@Zowmws — d*), (00]d. — d*)[V,0(0)] "} [V,6(0)]"T) (5.6.29)
((0[0]d. — d*), (0[0]d= — d*)(T,,) ") = ((0]0]d= — d*)T (0]0]d: — d*), (T,,) ")
(0[0](d- — ") (d. — d*)), () ") = (d — d*,de —d") = |[d- — "> =0 as e —0.

We may write

m —=h
TE G Qo) = [ WanlT,) det((T.00) )V,

[ [Wanl@,) = Wop 00) + Wang(T)]| der((V, ) aV,  (5.630)

[y

[ [Wonl@, + T = 0) = Wan(T) + W ()] (7€)% )V,

< [ (W @, + T = To) = W G|+ Wonp(T0)] det(7.,0))r) a5

where we used that Wy, is positive. The exact quadratic expansion in the neighborhood of the point
Uh =T+ Uh — Uy for Whp is given by

~ - ~ ~ o~ ~ 1 . o~ ~
me(UO + Uﬁj — Uo) = me(Uo) + <Dme(Uo), UZJ - UO> + §D2me(U0).(UZ]_ — Uy, UZJ — Uo) .
Therefore, with the assumption that ||U hy Up|| < 1, we have the following relations

,m =t
TP (@5 Qe e)
r —~ ~ ~ —~ 1 —~ —~ —~
< /Q Winp(Uo) + HDme(UO)H”U}ij = Uoll + Z”DQWIHP(UO)””UfZ - UOHQ det((vm@)h)(n) dvy
L

< /Q Wap(To) + ClIT 15, = Toll + 11T, = Toll | det(V.0))(n) v,

S/Q :me(ﬁo)Jr(CHﬁoll+Cl)lll7;;‘j —I?'OH det((V,0)%)(n) dVy, (5.6.31)
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where C' and C; are upper bounds for HDme([}O)H and ||D2me(ﬁo)||, respectively. Now we consider
the terms of Wy

jhf“”(Fij,a) = / Wcurv((r,ﬁjg,rijg,riﬂg) [(V,0) 1) det(( (n) dV,,
1
< [ [T (@ T2 TR0 ) - mv(Fo,ra,Asn(vz@)“(n)rl)
+ Wy (08,73, A (V20 ()]~ ) Wears (03,13, A)[(V.0)%n)] ")
o Wy (05,13, AN (V2 0) ()] ") | det(V.€))(m) av, (5.6.32)

< [P (03 32 TR0 ) = W (08,5, AV 0]
o | Weurs (T8, T8, AUV 0) ()] ™) = Wears ( (T8, T3, A% [(V.0)7(n)] )|
o Weurs (T8, T3, A7) [(V,0)()] 1) ] det((V.0))(n) Vs,

where we have used the triangle inequality.

Note that beside the boundedness of det[V,0]%(0), due to the hypothesis that det[V,©(0)] > ag > 0, it
follows that there exits a constant C' > 0 such that

Vrew: V.00 < C. (5.6.33)

We notice that both energies are positive and det[V,©](0) is bounded. Also Wcurv is continuous and
[Ae — A*||lL2(w,s0(3)) < €. By using (5.5.46) and (5.6.11), and applying limsup, _,, on both sides of
(5.6.31) and (5.6.32) with h; — 0 and € — 0 we get

tim s 75, (64, Qe ) < [ (Wanp(T0)+ Wonrs ((T4.T5 A (V,0)(0)] ) det[7.01(0) ¥,

hj—0
- /Q (Wanp(0) + Werew (T3, T3,0)[(720) (0)] ) det[V,0)(0) V.
1 (5.6.34)

However, me(ﬁo) and Weury ((Fé, Iz, 0)[(V$@)(O)]_1> are already independent of the third variable 7,
hence we deduce

— —4 —
thU.p jh (@h &7 Qe h; 6) jo(m, Qe 0)7 QPh =, Qe,O = Qe 0 and m=@o. n

, )
h;—0

5.7. The Gamma-limit including loads

The main result of this chapter is the following theorem

Theorem 5.7.1. Assume that the initial configuration is defined by a continuous injective mapping
Yo : w C R? — R3 which admits an extension to @ into C*(w;R?) such that det[V,0(0)] > ag >0 onw
where ag s a constant, and assume that the boundary data satisfy the conditions

‘PZ = <pd|rl (in the sense of traces) for ¢4 € H (Q1;R3). (5.7.1)
Let the constitutive parameters satisfy
uw >0, k>0, e >0, a; >0, as >0, az >0, (5.7.2)

Then, for any sequence (gph ,QP h,) € X such that (cpij,@iyhj) — (00, Q) as h; — 0, the sequence of
functionals Ip,, : X — R

1 — 1 —
5 (S i b OF T8 booob A b /
) —4h 7J.(<paVJ(P7Q67F .)_7H ((p7Qe) Zf (SD Q)GS

I} (¢, Vit QLT )= by K it (5.7.3)
' ' 400 else in X ,
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T-converges to the limit energy functional Iy: X — R defined by

Io(m,@e,o) = {jo(m»Qe,o) - H(m’@eﬁ) if (m7@e,0> € S‘i” (5.7.4)

400 else in X,

where

jo(m, Qe 0) =

)

{f LWE(E . )+ Whim(Ke,,)] det(Vyolno) dw if  (m, Qo) € SL,

400 else in X,

(5.7.5)

and IL(m, Q. o) = Iz (o) + Iz, (Qe0) as the external load.

Remark 10. Before proving the above theorem, we will give the expression of the external loads potential
mn Q1. We have

I (o5, Q) = T (%) + TE(QY), (o) = /Q (PLatydv,, TG = h / @, Q) dS,, (5.7.6)

with F2(1) = F(C(n)), @ (n) = A(C)), @(Q) = &Cn)), Qiln) = Qu(C(m) and () = & (m:) — O ().

We use the following expressions

©%(n) = yi(n,m2) + hymano(m,ma) , ‘Pij (m) = b (m,m2) + hjmad* (n1,m2) ,
() = @*(n;) — O%(m;) = (@%(771,772) - 93(7717772)) +h;ins (d*(ﬁh n2) — n0(7717772)) . (5.7.7)
a0(771,772)

We calculate the loads separately. We have

() = / (L @)dV, = by / (7. o (ma m2))dViy + W2 / (o (d (1, m2) — o1, m2))) LV,
(o 951

)
-, [(f

For applying the same method for the potential of external applied boundary surface couple, we need to
have an approximation for the exponential function which is already used in the expression of the recovery

(%, o (n1, m2))dns dw + B2 / / ,(d*(n1,m2) — no(1,m2)))dnz dw

l
2

[ME M\»—A
Nl

FEdns, o (m, 1)) deo + h? / (/ . s f¥ dns, (d* —no) (1, 72)) dw = Iz (to) -

(5.7.8)

m\»—A

sequence for the microrotation @i,hj, i.e., exp(X) =1+ X+ 5 L X2 -+, which implies
Qe,hj = Qe,O ’ exp(h‘]n?)A (771’ 7]2)) = Qe,O + Qe,othSA (7717772) + §Qe,0h§77§‘4 (7717772)2 e (579)
Hence,

Yol

E(Qc.p,) = hy g (&, Qeo + Qeohyms A" (m1,m2) + Qe ohG g A% (m,m2)* + - ) dS,
=hy [ @) dS, + B / (@, QA" (1, 12)) S,
+ %hﬁng /F (@, QoA (n1,m2)%) dSy + -+ (5.7.10)
—h &,Q.0) Sy + s / @, Q. 0 A" (11,m2)) dSy + O(hY)
(mx[- 2,2) (mx[-3%,3])

Qe dngds+h2n3/ /1 eOA 7’]1,7]2)>d7]3d8+0(h3)
2

E)q dn37§e,0> ds + h? /

~

= HZ-,Wl (ae‘o)

</ N 773C dn37 Qe,OA* (nl; 772)> dS + O(h?) .

-2
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Therefore,

7h - J— — ~
I, (¢4, Q0) = 1Lj (i) + U, (@) + OK) = (m, Q) + O(KY),  To=m—yo, (5.7.11)
which regularity condition confirm the boundedness and continuity of external loads.

Now we come back to the proof of Theorem 5.7.1.

Proof of Theorem 5.7.1. As a first step we have considered the functionals

1 - . —
= TR, VR QLTS if (¢5,Q1) €8,

ol
Ti (e, Vit QLT =< h (5.7.12)
+00 else in X.
In subsections 5.6.1 and 5.6.2, we have shown that the following inequality holds
. ot = - o,
lim sup j}EJ (SOEL g9 Qe,hj,e) S '»70(@07 Qe,O) S lim inf J}E(Qpi e Qe,hj,a) ’ (5713)
h;—0 7 hj—0 7T
which implies that Jo(40, @, ) is the [-lim of the sequence j}fj (@?Lj’g,éi)hj)s), ie.,
J— . 7h
Jo(#0, Qo) = T-m(T} (9, Qi) m=ep. (5.7.14)

Remark 10, shows that the family (thj (gp”,@i) —HE” (@h,@i)) ;j is T-convergent (because the external load

potential is continuous). This guarantees the existence of I'-convergence for the family (IELJ_ )j- Therefore,
we may write

To(m, Quo) = T-Em T} (0} . Qep, o) = Jo(m, Qo) =10, Qeo), M=o, (5.7.15)

which is the desired formula. [ |

5.8. Consistency with related shell and plate models

5.8.1. A comparison to the Cosserat plate model derived using the I'-convergence
method

In this part we check whether our model is consistent with the Cosserat plate model obtained in [90].
In the case of the plate model (flat initial configuration) we can assume that ©(xy, z2,23) = (21,22, T3)

which gives V.0 = 13 and yo(z1,72) = (71, 22) 1= id(z1,22). Also Qo = 13, ng = ez and Q, o(z1,72) =

R(z1,x2).

The family of functionals [27, 28] coincide with that considered in the analysis of I'- convergence for a flat
referential configuration, while its I'-limit is

To(m, R) = {ﬁJWrﬁ%‘“@ﬁfﬁ?ﬂ + W (KES®) dw i (m, ) € 8L, (5.8.1)
+00 else in X,
where
571;;3:?6 _ ET(VmK)) _ 1; — RT(Vm\O) — 13+ e3 ® e3,
etete = (ax1(Qe0 02, Qo) | X1 Qe 92,Qe ) 10) & Sym(3). (58.2)
and

om ate ate ate A ate 2 2 c ate
W (ER) = wllsym RV + pe lskow [ER2IP + 3720 (R 1) + EE IER ) el

ate 2”“6 latey L |12
= Wanen ([ER/4F1) 4 222 | (€0 , 5.8.3
(1e8iee") + e leniey | (583)

Wenn (K2 = inf Woow (ax1(R” 0, ) |axi(R” 9,, ) | ax(4) ),
A€so0(3)
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together with
[Epst)l = (15 — e3 @ e3) [ER/4], [ER)T = (e3 @ e3) [ERY], (5.8.4)

where Wapen(X) = pf|sym X ||2 + pc|/skew X||? + Aigu [tr(X)])2. Let us denote by R; the columns of the
matrix R, i.e., R = (Rl | Ry |§3), R; = Re;. Since (13 —e3 ® e;;)ﬁT = (El | Ry | O)T, it follows that

)l = (| B 0)" (9ml0) — 13 = (s | Fo)” Vim)” — 13, while

m,s

0 0 0
[gpletelt = (010|R) " (Vm|o) = _ © 0 o). (5.8.5)
i <R3,azlm> <R3,812m> 0

Hence, in the Cosserat plate model we have

whom(grlatey — yllsym ((Ry | Ra)” Vim — 1o) |1 + prellskew (R | Ra)" Vim — 1)

mp m,s

Ap - 15T 2, 20 e 2 P 2
-1 — . ,02,m)%),  (5.8.6
+>\+2u[tr((R1|R2) Vm — 1,)] ot (B30 + (B3, 00,m)7) - (5:8.6)

which agrees with the I'-limit found in [90].

5.8.2. A comparison with the nonlinear Cosserat shell model obtained via the
derivation approach

In [56], under assumptions (5.1.3) upon the thickness by using the derivation approach, the authors
have obtained the following two-dimensional minimization problem for the deformation of the midsurface
m : w— R? and the microrotation of the shell @, , : w—SO(3) solving on w C R?: minimize with respect

to (m,Q,,,) the functional

I(mvae,s):/[Wmemb (577175) + Wmemb,bend (gm,sa Ice,s) + Wbend,curv (K:e7s):| det(vy0|n0) dw, (587)
detVO

where the membrane part Wiemb (Em,s) , the membrane-bending part Wiemb,bend (Em,s, Ke,s) and the
bending-curvature part Whyend, curv (IC& s) of the shell energy density are given by

h3
Wmemb (gm,s) = (h +K E) Wshell (gm,s)7
h3 h?

Wmcmb,bcnd (Em,sa ICe,s) = (ﬁ -K %) Wshcll (gm,,s Byg + Cyolce,s) (588)

h3

- ?H Wshcll (gm,sv gm,sByg + Cyg Ice,s)
h3

+ ? Wshell (gm,sv (gm,sByo + Cyo ,Ce-,S)Byo)
h5

+ % me((gm,s Byo + Cnge,s)Byo )a

h3 h3 h®
Wbend,curv (ICe,s) - (h -K E) Wcurv (]Ce,s) + (E -K %) Wcurv (Ice,sByo )

hb 9

+ % Wcurv (ICe,sByo)a

where
Wenen (X) = p ||lsym X || + pic||skew X ||* + Al [tr(X)]2
A+2u ’
21 (2 A
= pt||dev sym X||? + ic||skew X |2 + W [tr(X))2, (5.8.9)
A
Wanent(X,Y) = p{sym X, sym V) + p(skew X, skew V) + 3 Jr/;lt tr(X) tr(Y),
Wiy (X) = pallsym X[+ peclskew X2 + 2 [6r(X) ]2 = Wapn (X) + = [tx(X)]?
P 2 2 +2p) ’

Weurv (X) = 0 L2 (b1 ||dev sym X ||? + by ||skew X ||? + 4b3 [tr(X)]?), VX,V € R¥3.
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In the formulation of the minimization problem, the Weingarten map (or shape operator) is defined by
Ly, = I.;()lIIy0 € R?*2 where I, := [Vyo]” Vyo € R?*? and I, : = —[Vyo]? Vng € R?*? are the matrix
representations of the first fundamental form (metric) and the second fundamental form of the surface,
respectively. In that paper, the authors have also introduced the tensors defined by

Ay = (Vyol0) [VO,(0)] 7 € R3*3 By, = —(Vno|0) [VO,(0)]7! € R**3, (5.8.10)
and the so-called alternator tensor C,, of the surface [112]
0

Cy, :=det(VO,(0)) [VO,(0)]~ 7T <1 (1)
0o 0

o oo

) [VOe,.(0)] . (5.8.11)

Comparing with the I'-limit obtained in the current chapter, the internal energy density obtained via the
derivation approach depends also on

R—GLy, | O

B+ s = = 170,17 (7

) [VO.(0)] 1, (5.8.12)
where the nonsymmetric quantity R —G Ly, represents the change of curvature tensor. The choice of this
name is justified subsequently in the framework of the linearized theory, see [59]. Let us notice that the
elastic shell bending—curvature tensor K. s is not capable to measure the change of curvature, see [58,

59], and that sometimes a confusion is made between bending and change of curvature measures, see also
[2, 105, 12, 8, 9]

If we ignore the effect of the change of curvature tensor, there exists no coupling terms in &, s and K¢ s
and we obtain a particular form of the energy obtained via the derivation approach, i.e.,
h? h?
Wou'r (gm,sy K:e,s) = (h +K E) Wshell (5777,,5) + (h -K E) Wcurv (K:e,s); (5813)

where

A +
W (Em.s) = p sy €12 + e skew £l 12+ 2B (el )] + E5Ee ek ? (5:8.19)

)\ + 2/1, m,s
A
= e llsym £l 2+ e Jskew £, 12+ 5 [or(Eh )% + B T, moll®,
and
1203 — by

by + b
Weury (Ke,s) = pu L2 (b1 Isym K[ |1 + by [lskew K1 |2 + [tr(fc] )2 + =2 ||ice%s||2> '

2
(5.8.15)
Skipping now all bending related h3-terms we note that there is only one difference between the membrane

energy obtained via the derivation approach and the membrane energy obtained via I'-convergence, i.e.,
the weight of the energy terms ||E7 , nol*:

e derivation approach: the algebraic mean of y and pc, i.e., a —;MC ;
) . . 2 (4 e

e I'-convergence: the harmonic mean of p and pc, i.e., .
Mot e

This difference has already been observed for the Cosserat plate [91].

We recall again the obtained curvature energy in [55] as

b1b3

% 202 e
(b1 +b3) |

tr(IC!,s)2 + bl + bg e,s

WA (KCe ) = L2 (b Jsym KL | + bo skeew KCJL |12 + ?). (5:816)

A comparison between (5.8.15) and (5.8.16) shows that, like the case for the membrane part, the weight

of the energy terms ||, ||* = ||KT inol|* are different as following
o . . by + bo
e derivation approach: the algebraic mean of b; and bs, i.e., 5
2b1by

e ['-convergence: the harmonic mean of b; and b, i.e., b b
1+ 02
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In the model obtained via the derivation approach [56], the constitutive coefficients in the shell model
depend on both the Gaufl curvature K and the mean curvature H. In the approach presented in the
current chapter this does not occur. However, we will consider this aspect in forthcoming works, by
considering the I'-limit method in order to obtain higher order terms in terms of the thickness in the
membrane energy, see [50, 52, 51, 53].

5.8.3. A comparison with the general 6-parameter shell model

In the resultant 6-parameter theory of shells, the strain energy density for isotropic shells has been
presented in various forms. The simplest expression Wp (&, s, Ke s) has been proposed in the papers [27,
28] in the form

2Wp(Ems, Kes) = Clv(trel )7+ 1 —v) (€] )TEL O] + asC(L—v) €L snol?
+ D[v(tr Kl )* + (1 —v)te((K] )KL )] + 0 D —v) |[KE noll?,  (5.8.17)

. . . _ )\
with the Poisson ratio v = PITESYE

In [45], Eremeyev and Pietraszkiewicz have proposed a more general form of the strain energy density,
namely

2Wgp(Em,s: Keys) = o (tr 5,'7‘%5)2 + oo tr(5,|,|17s)2 +as tr((é’,ﬂ%s)T&”n,s) +ay ||5,7,;sno\|2
+ B (tr kL) 4 Bate (K] )? + B tr (KD )TKL) + Ba KT nol2. (5.8.18)

Already, note the absence of coupling terms involving IC!,S and &Hng The eight coefficients ay , Bi
(k=1,2,3,4) can depend in general on the structure of the curvature tensor

K® = Qo(ax1(Q) 9, Qo) | ax1(Q) 9, Qo) | 0)[VO(0)] ",

of the curved reference configuration. We can decompose the strain energy density (5.8.18) in the in-plane
part Whiane—gp(Em,s) and the curvature part Weyrv—pgp(Ke,s) and write their expressions in the form

WEP(gm,sv ]Ce,s) = WplanefEP(gm,s) + WcurvaP(’Ce,s) ) (5819)
2 Wotane— 5P (Em ) = (02+as) [lsym El, |2+ (a5 —02) [skew ], 2+ an (tx(E], )" + au |5 mol|?,
2 WcurV—EP(ICE,S) = (B2+ps) Hsymlcﬂ,s”2+ (B3—p2) HSkeW’Cle‘7s||2+ B (tr(Kﬂ,s))z + B4 ||IC§STL0||2.

By comparing our membrane energy

Ap 2 | 24 pe
Whome ) = sym E |12 + pe [|skew EI |12 + —ZE— [tr(&]) + = ET ngll? (5.8.20
mp (Em,s) = pllsym E, (|7 + pe [[skew &, || /\+2u[ (Em.s)] uc+uH m,sToll” ( )
Appe o12
- Wshcll 57'7‘1 s + — gm sl
(Ehe) + e )
with Wgp (Em,s, IC&S) we deduce the following identification of the constitutive coefficients aq , ..., a4
2pA 2 e
a; =h , as =h(p — , as =h(pu + pe), ag =h .
1 20+ A 2 (1 — pe) 3 (1 + pe) 4 [+ e
We observe that '
pd = a3 —ay = 2h e, (5.8.21)

which means that the in-plane rotational couple modulus ud™! of the Cosserat shell model is determined

by the Cosserat couple modulus p. of the 3D Cosserat material. An analogous conclusion is given in [6]
where linear deformations are considered.

Now a comparison between our curvature energy

bib 2b1b
Whom e, ) = uL? (b sym Kl |12 + bo||skew K| + ——=— tr(K] )2 + 22122 ||k 2) . (5.8.22
() = L2 (b sym L 2+ boskew KL 4+ 2 (L )+ TSI (5822)
and Weyrv—pgp(Ke s), leads us to the identification of the constitutive coefficients 3y, - - , 54
b1b3 b1b2
=2ouL? , = uL?by, = uL?(by + by), =4pL? )
B =2u T B2 = pLzby B3 = pLz(by + b2) Bs = 4p T
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5.8.4. A comparison to another O(h°)-Cosserat shell model

In [22], by using a method which extends the reduction procedure from classical elasticity to the case of
Cosserat shells, Birsan has obtained a minimization problem, which for the particular case of a quadratic
ansatz for the deformation map and skipping higher order terms is based on the following energy

I(m.Q,,)= / Wt (Emss Kos) + Woandcurs (Kes) | det(Vyolno) da, (5.8.23)
detVO

with WD (Emsr Kers) = h Weoss (Em.s) and Wiend.cury (Keos) = b Weury (Ke.s), where

memb,bend

204 e A
Weoss(X) = Wooss(X, X) = pulsym X% + e [[skew X2 + EE<x-2 4 22 14(x))°,

Weoss (X, V) = pu (sym X symY 1) + pc (skew X, skewY' ) + 2hpe (XL vh)+ AR (X (Y,
A 2 2
Wanp (X) = p [sym X|[* + pellskew X[ + 5 [6r(X)]” = Winen(X, X) + SO0 [tr(X)]?,

Weurv(X) = p L2 (b1 ||dev sym X||? + b ||skew X ||? 4 4b3 [tr(X)]?), VX,Y € R¥?,

As it can be seen, in the obtained model by Birsan, there are some coupled terms of stress tensor and
bending-curvature tensor, too. This is not surprising, since Birsan has obtained the starting example
from the model in [56]. The main difference, in comparison to the model obtained in [56] is that Weess
with the formula

2 A 2
Weoms(X) = Weos(X, X) = jellsym XV + pe skew X 4 B X412 4 520 (X))

from [56] is replaced by

21 pe
Weos (X,Y) = Wapan (X, Y1) + S22 (08 v, (5.8.24)

for all tensors X, Y € R3*3 of the form (x| * |0) - [V,©(0)]~!. Note that
+ e
Wanen(X,Y) i= Wapnen (X1, Y1) + BB (X4 v, (5.8.25)

holds true for all tensors X, Y € R3*3 of the form (| * |0) - [V,0(0)] . Hence, for this type of tensors
we have

C 2 C
Weoss(X, V) i= Wapen (X, Y) — %(Xﬁyﬂ n ﬁ(xayﬂ . (5.8.26)

The main point of the comparison presented in this subsection is that the membrane term of order O(h)
coincide with the homogenized membrane energy determined by us in this manuscript, i.e.,

W™ (Em,s) = Weoss(Em,s)- (5.8.27)

With a small comparison between the obtained membrane energy via I'-convergence and the one obtained
via the derivation approach model by Birsan, obviously we see that for a O(h)-Cosserat shell theory, there
is no difference between the coefficients, i.e.,

2 pte
pt e’
2/ pte
Mt pe

e special derivation approach: the harmonic mean of p and p.;

e [-limit approach: the harmonic mean of u and p;
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5.9. Linearisation of the I'-limit Cosserat shell model

5.9.1. The linearised model

In this section we develop the linearization of the I'-limit functional for the elastic Cosserat shell model,
i.e., for situations of small midsurface deformations and small curvature. Let us consider

m(z1,z2) = yo(z1,22) + v(T1, 22), (5.9.1)

where v : w — R3 is the infinitesimal shell-midsurface displacement. For the rotation tensor Q. , € SO(3)
there exists a skew-symmetric matrix

_ 0 —93 2
Ay = Anti(¥, 99, 093) := ( 93 0 —791> € s50(3), Anti : R® — s50(3), (5.9.2)
-2 Y1 0
where ¢ = axl(Ay) denotes the axial vector of Ay, such that Q.o := exp(4y) = >, %Zg =

15 + Ay + h.o.t. The tensor field Ay is the infinitesimal microrotation. Here, “h.o.t” stands for terms of
higher order than linear with respect to u and Ay.

Using these linearisations of the kinematic variables, we find the linearisations of the strain tensors.
Indeed, since

Q.oVm — Vo = (L3 + Ay +h.o.t.) (Vv + Vo) — Vo = Vo — AgVyo + hoo.t., (5.9.3)

we get for the non-symmetric shell strain tensor (which characterises both the in-plane deformation and
the transverse shear deformation)

Ems = (QuoVm —Vyo | 0) [VO] ™,
the linearization
EM = (Vv —AyVy | 0) [VO] ! = (0p,u— 9 x a1 | Ouyu— 19 x az | 0) [VO]™' ¢ Sym(3).

And for the shell bending-curvature tensor

—T — —T — _
Kews i= (a¥1(@Q1 000, Qe ) | 0¥1(@Q1 02,Qe0) [ 0) VO] L, (5.9.4)
we calculate
Q2002 Quo = (15 — Ay) 0, Ag +hoot. = D, Ay + hoot. = Ay, +hot., (5.9.5)

= Anti Oz, V= 0z, Anti?d

ie.,
ax1(Qy 402, Qe o) = Oa, ¥ +hoot, (5.9.6)
and we deduce . B B
K = (ax1(0,, Ag) | ax1(0s, 49) |0) [VO] T, (5.9.7)
together with .
K = (0:,010:,910) [VO]™ = (V]0) [VO] . (5.9.8)

The form of the energy density remains unchanged upon linearization, since the model is physically linear.
Thus, the linearization of the I'-limits reads: for a midsurface displacement vector field v : w C R? — R3
and the micro-rotation vector field ¥ : w C R — R3:

hom —=hom —=lin

jo(m’@e,O) :/ |:me (5717111718) + Wcurv (’ng)}det(v:yan)da -1 (u7 19) ’

where
—hom , ,j; i i )\,U/ i 2 21 fhe i
W glm — glm,H 2 < |Isk glm,H 2 t glm,H glm,T 2
mp (Emis) = pllsym ENNT + pe [|skew E0 M| + Nt [tr(Emy)] ot [Ems moll
i 21 e | olin, 12
= Wanen (Enal) + Ennitl?, 5.9.9
(Emd) + et (5.9.9)
—hom in . =% —=T oy —T oy _
Wcurv( le,s) = Aelilof(?;) Wcurv (aXI(Qe 8771@6) |aX1(Qe aﬁ2Q6)| a‘Xl(A)>[(V:L’@)h} 17

—1i —
and II m(u, ) is the linearization of the continuous external loading potential II.
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5.9.2. A comparison with the linear Reissner-Mindlin membrane-bending model

The following model
K 0 A
/ h(,u [sym V (vy,v2) || + T'MHva - <91> 12 + a tr(sym V(’Ul,’l)g))2>
w 2 2

WA A
+h—3(u||s m V(0,02 + — (V61,0 ))2)dw—>min w.r.t.(v, 0) (5.9.10)
Y 1, V2 2‘u +)\ 1,02 J.U\ U, 5 .J.
U|’Yo = ud(x,y,O), _0|’Yo = (uil,zvug,zao)Tv

is the linear Reissner-Mindlin membrane-bending model which has five degree of freedom, three from the
midsurface displacement v: w C R? — R? and the other two are from the out-of-plane rotation parameter
0: w — R2 that describes the infinitesimal increment of the director and 0 < k < 1 is the so called shear
correction factor. In this model the drill rotations (rotations about the normal) are absent.

As derived in [88], the Reissner-Mindlin membrane-bending model can be obtained as I'-limit of the
linear Cosserat elasticity model. Neff et al. in [91] applied the nonlinear scaling for deformation and
linear scaling for the microrotation for the minimization problem with respect to (u, A):

I(u, A) = / Winp (B) + Weury (Vaxl A) dS +— min -~ wrt  (u, A), (5.9.11)
Qp
where € = Vu — A, and
_ _ _ A
Winp(E) = pt [symE|[* + pe [[skew [|* + T [tr(Z)]?,

E?(h) 112 T2, %3 T\12
Wears(A4) = p =5 <a1||symVaxlA|| + azllskew V ax |12 + S [tr(V ax1 4)] ) (5.9.12)

for ag, as,as > 0. Then, they obtained the following minimization problem:

Ihom(y, A) = / WhO™ (Vu, axl A) + WhR (V axl A) dw (5.9.13)
with respect to (v, #), where v: w C R? — R3 is the deformation of the midsurface and A: w C R? — s0(3)
as the infinitesimal microrotation of the plate on w with the boundary condition v|,, = uq(x,y,0),70 C Ow
and

hom . M e _92 IU/)‘
me (V’U, 0) = ”Sym V(TI177I2)(U1702)”2 + 2” 4 Lle Hv(mmz)U?’ - < 91 )”2 + 2“ + /\ tI‘[V(me)(’UhUQ)F,

a1Q3

201 + as tr[V (1 o) (61, 92)]2) : (5.9.14)

and it can be seen that this formula is just the Reissner-Mindlin model which is obtained by I'-convergence,
upon selecting a; = p, a3 = A. In this formula one can recognize the harmonic mean H

A WA 2 b fhe 1 as a0
s o) — ) H ) = ) 7H s o ) T .
3) 3 (spe) = 22 e ) = 5 e
In the current chapter we used the nonlinear scaling for both deformation and microrotation, while in [91],
they applied linear scaling for microrotation and nonlinear scaling for deformation. The other comparison
is regarding the th elastic shell strain tensor and elastic shell bending curvature tensor which in our model
are not de-coupled, and in (5.9.14) the in-plane deflections vy, v9 are not decoupled from 03 as well.

Z? h
Wi (v0) = 1 2 (o foym ¥, 1 (01, 02)]7 +

curv

%H(,u (5.9.15)

5.9.3. Aganovic and Neff’s model
Aganovié et al.[4] proposed a linear Cosserat flat shell model based on asymptotic analysis of the linear

isotropic micropolar Cosserat model. They used the nonlinear scaling for both the displacement and
infinitesimal microrotations. Therefore, their minimization problem reads:

0o -0 0 -6 2 fhe -
/ h(,u ||sym (V('Ul,'ljg) — (93 03> )Hz + pc ||skew (V(v1,v2) — (93 03) )H2 I ; /i/‘ Vs ( 012) 112

tr(sym (V(v1,v2) — <6?3 _gg> )2) (5.9.16)

2a1a2 a1Qa3

1+ as

)\
(oz1||symV 01.02)|* + zlJskew ¥ (61,02) > + [V |+ 5 tr(V(01,62))°) du

— min W.r.t.(v7 0),
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where it is assumed that as,x > 0, otherwise this model with the assumption as = 0 will give the
Reissner-Mindlin model. This means that we can not ignore the in-plane drill component 3 here and in
the case of ag > 0 one does not obtain the Reissner-Mindlin model. The asymptotic model coincides with
the assumptions of Neff et al. in [90], where their assumption was about scaling the nonlinear Cosserat
plate model with nonlinear scaling for both deformation and microrotation. The membrane part of this
energy coincides with the homogenized membrane energy of our model with the same coefficients.
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6. Homogenized curvature energy

6.1. Homogenized quadratic flat curvature energy

In this section, we assume that we are working in the context of a three-dimensional isotropic Cosserat
shell which has a thin flat reference configuration. The goal is to derive a dimensionally reduced flat shell
model. We use I'-convergence arguments (see [25]). The homogenized curvature energy turns out to be

curv

Whom(FFj) = inf W (T1]T2|¢*)[(VL0)f71). (6.1.1)
c*ER3
Interesting, this calculus can be made explicit once the curvature energy is written in terms of I', where
T — —T — —T — _
T = (axl(@; 0, Q)| axl(Q; 0,,Q.) | axl(@; 0,,@.) ) [(V.0)) .

In this part we assume that the shell in its initial configuration is flat and the 3D Cosserat curvature
energy assumes the form
Weure (D) = uL?(ay ||sym T||* 4 as||skew T'||* + a3 tr(I")?), (6.1.2)

where aq,as,a3 > 0. Assume that we have done the nonlinear scaling [91] for the matrix I". Therefore,

: FEI 1—‘h12 a
ri=(ry 15 e, (6.1.3)
F?ﬂ ng €3

and the homogenized curvature energy is given by

Whom(T8y — Wy ((T1|Tale) = C*igﬂf@ Weury (D1]T2]e)[(V20)971) . (6.1.4)

curv

By using the relation (6.1.2), we start to do the calculations for symmetric, skew-symmetric and trace
parts as

]_"th Fu12“@1 61+Fgl 0 F227F51 ‘1 7F§1
2 2 2 2
Y g b 8
sym[j = | Dl p el | gkew I = | Bt g Db | (6.15)
i +er iy tes i —c iy —co
2 2 €3 2 2 0
and
By _ (mt i
tr(T) = (T3, + Ty +c3) (6.1.6)

The idea is minimizing the energy model regarding to the available unknowns inside the curvature energy.
So, let us assume that the total energy is as following

1", Vit FEL):/Q Winp (UD) + Weure (T) dV;, . (6.1.7)
h

We notice that the the membrane part and curvature part are completely decoupled.
We have
1

1 1
i(riz + Fg1)2 + 5(61 + Fgl)2 + Fg22 + 5(02 + ng)Z + ‘3:21,) (6.1.8)

1 1 1
+ a2(§(Fi2 - F51)2 + 5(01 - F?ﬂ)z + 5(02 - ng)z)

Wcurv(Fi) = uLz (a1 (Fhlf +

+ ag(I‘til + 1“32 + 63)2) )
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Now we apply the Euler-Lagrange equations to determine the unknowns. But first, we recall that

. *th % *
fo(%”Zb*eRa?f*GRB/mep@ (Vs #16%)) + Weew (D1 [Tl")) Vs (6.1.9)
=I(p,I',b,c) = inf  I(p,I' 0", c"),

b*€R3 c*€R3

where ¢ = (c1, co,c3)T. Notice that the two energies are decoupled. Hence, for solving the minimization

problem we will have

ol as —a
0= Do =ai(c; + l"gl) + az(cq — l"gl) = (a1 + az)er + (a1 — ag)I‘gl = ¢ = aj T a;l"gl ,
ol as —a
= 67 = al(CQ —+ PEQ) —+ GQ(CQ — FEQ) = ((11 —+ (12)62 —+ (a1 — ag)].—‘:hﬂ = Co = !Fgﬂ, (6110)
C2 ai + as
ol _
= % = aicC3 + (13(1—1?1 + ng =+ 63) = C3 = a _(:3;1 (Fhu + ng) .
3 1 3
By inserting the unknowns inside Wy, we have
2 —as 1 1 ag — aq
Wen(T5) = uL2(ar (P 4+ 55 + (2 (0 4 T5)) 4 5T +T55)% + 5 (2 oarg, 415,
1 as —ay
+2(a1+a %, +1%,)%) (6.1.11)
1 1a2—a1 h tl 1a2—a1 b
(I, —T%)% 4 = i, -4 = ré, —I%,)2
+a2(2( 12— T'31) +2(a1+a2 51— I'31) +2(a1+a2 G —T49)?%)
a
+ GB((F§1 + Fg2) - Jfa3 (Fil + 1"52))2)
2
72 5,2 b2 a3 b 52, Lo b \2 ag .2
= plL; (al Ty + T35 + m(rn +1'5)" + §(F21 +19,)" + Wrn
2
as 1,2
Jr2(Cl1 + ag)? 32)
—|—a2(1(Fh _1t )? +2“7%Fh,2 +2LFW)
2 12 21 (al + a2)2 31 (al + (12)2 32
s (a1 + a3)2 (Fth + ng)2)
) ,2 ai a10a2 2
= pnL? (al(l“t{l +T%5) + ﬁ(rhu +T5,)? 5@21 +T9,)% + QW £
a1a2 h2 b g2
+2———=T'5 (F21 o) )
(a1 + ag) 2

2a1a2 T
= Lz(a symTL |2 4 ao||skew I'? 2+7a1a3 tr(TL)2 + <31> )
pL2 (o leym TS| + aaliskew T2 + 88 (Tt 4 =2y (150

iy T

where T%, = <
BoArg, T,

). Therefore, the homogenized curvature energy in plat model is

2&10,2 F
pyhom (1) — L2( e (2 kew TE||2 + — 2193 4 iy2 4 81 ) 6.1.12
(5) = i (v T+ aalskew T + 248 7+ 242 (1)) (6112

6.2. Homogenized curvature energy for the curvy shell model

Let us consider an elastic material which in its reference configuration fills the three dimensional shell-
like thin domain ¢ C R3, i.e., we assume that there exists a C'-diffeomorphism ©: R?* — R3 with
O(z1, 12, 73) = (&1,&2,&3) such that ©(Q,) = Q¢ and we = O(w x {0}), where ), C R3 for Q) =
w X [— g, g , with w C R? a bounded domain with Lipschitz boundary dw. The scalar 0 < h < 1 is
called thickness of the shell, while the domain €y, is called fictitious Cartesian configuration of the body.
In fact, in this chapter, we consider the following diffeomorphism ©: R3 — R? which describes the curved

surface of the shell

O(x1, 22, 23) = yo(z1,22) + 23 N0 (71, T2) (6.2.1)
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i : 0, X0
where yo: w — R3 is a C?(w)-function and ny = %
o1 Y0 XDy

that

is the unit normal vector on we. Remark

h h

VI@({,Eg) = (Vy0|n0) —|—x3(Vn0|0) Va3 € (—2,2>7 VIG(O) = (Vy0|n0)7 [Vx@(O)]_T es3 = no,

(6.2.2)

and det V,0(0) = det(Vyo|no) = v/det[(Vyo)T Vo] represents the surface element.

6.2.1. Euler-Lagrange equations

We have the following curvature energy formula for a curvy configuration
Weury (T*(V2©)*] 1) = uL? (bl\ldev symT*[(V20)*] 7| + be[|skew T*[(V©)"] ~1||* + dbs tr(T“[(VzG)hlflf) ;
(6.2.3)
which we can rewrite as

Wenre (¥[(V20)7] 1) = uL? (all\sym L¥(V20)) 7 |” + az [|skew T [(V=©)*] ~*|1* + aa tr(Fh[(VIG)”]*l)Q) ;

(6.2.4)
where a3 = 1203=b1,
We need to find
W (Th) = Weure (T1[02[0) [(Va©)] ™) = inf Wory (D1[T2le”)[(V20) 7). (6.2.5)
The Euler-Lagrange equations appear from variations with respect to arbitrary dc € R3.
(DWeury (L1[T2]e") (V2077 (0[0]6c")[(V20)] 1)) = 0. (6.2.6)
We have
(201 sym(I*[(V2©)"] 1), (0[0]6¢)[(V+©)*] ") + (2az skew(I*[(V2©)"] "), (0[0[6¢)[(V+0)] ")
+ 2a3 tr(T¥[(V.0)%] 1) (13, (0]0]6¢) [(V.©)*] ') = 0, (6.2.7)

(2a1 sym((T'1[T2e) [(V2©)']7H)[(V=0)" ™", (0]0]3¢)) + (2az skew((I't[T2]e)[(V2©)*] )[(V=0)7] ™", (0]0]6c))
+2a tr((T1|T2[) [(V2©)*] 7 )([(V=0)7] 7, (0[0]éc)) = 0,
(2a1 sym((T'1[T2e)[(V2©)*] ™) [(V=©)"] "es, d¢) + (2az skew((T1|T2|)[(V20)F]~)[(V2©)*] " es, dc)
———

=ng

+ 2a3 tr((T1|T2|e) [(V20)*] ) ([(V20)"] Tes,dc) =0,
(2a1 sym((T'1|T2|c)[(V2©)"] ™ )no, dc) + (2a2 skew((T'1|Ta|c)[(V20)?]Hno, b¢)
+ 2a3 tr((T1|T2|e)[(V20)%] ) (no, 6¢) = 0,
((2a1 sym((T1|T2[e)[(V20)%] ™) + 2a2 skew((T'1|T2|c)[(V20)*] 1) + 2as3 tr((Fl\F2|C)[(Vx@)h]_l)>no, sc)=0.

Because this relation holds for arbitrary dc € R?, we get
(21 sym((T1[T210)[(V2©)7 ) + 20z skew((T1 P2 |)[(V20)7] ™) + 2a tr((T1[T]e) (V4©)7] ) ) ng = 0.
(6.2.8)

We write

(D1|T2|e) (Vo ©)F] ! = ([1|T2[0)[(V.0)7] ™ + (00]) [(V.0) . (6.2.9)
Therefore, we have

2sym ((T1]T2|)[(V0)*] " )mo = 2( sym((T4[T2]0)[(V0)] ) + sym((0]0]e) (V2©)"] ) )no
= (T1[2[0) [(V20)"] o +((T1|T2[0)[(V20) ] ) mo + (0[0]c) [(V2©)*] "o

=e3

+((0[0[)[(V2©)*] ") Tno
= ((T1|T2[0)[(V2©)"] ") "m0 + ¢ + ((010]6)[(V2©)*] ") "o - (6.2.10)
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A similar calculation shows that
2skew ((T'1|Ta|e)[(V20)%]~1)ng = 2(skew((F1\F2|0)[(V1@)“]_1) + skew((0|0\c)[(Vw@)h]_1)>no
—(T4IL210) (V) ™) o + ¢ — ((00]0)[(V. )1 =) mo . (6.2.11)
The trace term can be calculated like
2 tr((D1 [T )[(V20)f] o = 25 tr((T1T2[0)[(V20)7] ™) + tr((0]0]e) (V2 0) ) ) no
= 2a3 tr((F1|F2|O)[(Vz®)”]’1)no + 2a3<(0|0|c)[(Vm®)“]’1, 15)graxang
= 2a3 tr((T1|T'2[0)[(V4©)*] " )no + 2a3(c, [(V.0) " es)ng
~—_——

=ng

= 2a3 tr((T1|T2|0)[(V.©0)"] 1 )ng + 2azcno @ ng . (6.2.12)
By using (6.2.8), we obtain

a1((T1]T2|0)[(V20)" 1) no + arc + a1((0[0]c)[(V2©0) 1) "ng — as((T1|T2|0)[(V.0)F] 1) ng + ase
— a((0[0]6)[(V20)* ™ ng + 2as tr((T1]T2]0)[(VL0)*]Hng + 2ascng @ ng = 0. (6.2.13)

Gathering similar terms gives us

(a1 — a2)((T1|T2]0)[(V2©)*] 1) ng + (a1 + az)c + (a1 — a2)((0]0]c) [(V0)*] ) "ng
+ 2a3 tr((T1|T2]0)[(V©)"] " Yng + 2as¢ng @ng =0.  (6.2.14)

We have

((010e)[(V20)5] =) 'no = (¢(0/0les)[(V2©)*] 1) no = (eno)" no = ng ¢"'no = (no, )ng = no(no, c)

=ng®ngc = cng @ ng . (6.2.15)
.
Let us define the lifted quantity IZO = v 0 ]. We introduce the symmetric tensor Ay, :=
0 1
(Vyo|0)[V.O(0)] ! € SO(3). Because
= (V40[0)[V0(0)] " = (Vyolno) 15[V, ©(0)] * (6.2.16)
= [V.0(0)]" [ 0(0))"[V.0(0)]13[V.6(0) !
= [V.0(0)] "1, 13[V.0(0)] ! = [V.0(0)] T, [V,6(0) "

where Tyo = Iby0 +63, with 63 = (

o O O
o O O
_= o O

).

Lyc=Ay,c+no®@noc, (6.2.17)

By using the decomposition

we have

(a1 — a2)((T1|T2|0)[(V20) ] ~1) ng + (a1 + a2)(Ay, ¢ + 1o @ n9€) + (a1 — az)ng @ nge
+ 2a3 tr((T1]T2]0)[(V20)%] " Hng + 2a3m0 @ nge =0, (6.2.18)

and

((a1 + az)Ay, + 2(a1 + az)no ® no)ec = — (a1 — a2)((T1|T2]0)[(V.0)*] ) ng

— 2a3 tr((T1|T2|0)[(V©)" ] ng . (6.2.19)
We introduce (see [22])
(a1 + az) Ay, + 2(a1 + as)ne ® ng) ™' = (#A +——L e no) . (6.2.20)
Yo a1 + ao vo 2(&1 + ag)
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Therefore,

e = (a2 =) [(— A + g0 © P (T 20V 0

1 1
— 2a tr((T1|T2]0)[(V20)4] )[(m S ™ ®n0)n0} . (6.2.21)
which will be reduced to
_ (a a1) —I\T 2a -1
c= a?ﬁ((r IT2]0)[(V2©)f] ") ng — mU((mmm[(vx@)h] o, (6.2.22)

where we have used the fact that A,,((I'1|T2]0)[(V,0)~1)T = ((I'1|T2]0)[(V.O)*~H)T. Because,

Ay (TLT2|0)[(V20)F) )T = 15((01|T2|0)[(V2©) ] )T — 1o @ o (L1 [T2[0)[(V2©) ] )T
((T1]T2[0)[(V20)F )T — (0]0[n0) (0]0]0) " [(V4©)] T (It T2]0) g
= ((T1|T2/0)[(V2©) ] =) — (0[0]n0) ([(V20)*] ~(0]0]no)) ™ (T'1|T'2]0) '

(0]0]es)
= ((T1|T2[0)[(V2©)" 171 = (0[0]n0)(0[0]e3) ™ (T'1|T2[0)” n
:OIR3><3
= (1 [T2]0)[(V.0) )"
6.2.2. Calculations for the homogenized curvature energy
In this part we 1nsert the minimizer ¢ in (6.2.22), in the energy (6.2.4). With the definition K. s :=
(T'1|T2]0)[(V,0)f] !, we have
[symI*[(V2©)"]H|* = [lsym((T'4[T2[0)[(V.©)*]~H)|” (6.2.23)
= lsym ((T4[P20)[(V2©)] " + (0/0])[(V.©)] ") |
= [[sym ((T1[T2[0)[(V2©)*] ") [I* + [lsym ((0[0]e)[(V=©)"] ) 1?
+2 (sym ((T1]T210)[(V20)7) ), sym ((010]0) [(V2©) ) )
_ 2 az —ai ..t -1 as g—1Y) 2
= Iy e+ sy (2L 000V 0)7] ! = s (e (010na) (V2 0)] ) |
az T B1—1 as -1
2 (sym ey (22K 00107007 — 2 (k) 0ol (V-0)7 ) )
and
a2 —ai ..t -1 as B—1Y)2
Jsym (S22 K (010no) (Va©)] " = 7 (0. 00[mo) (V0 ) |
_ (a2 — a1)2 . T 2 (112‘3 2 2
- (al +a2)2 ||bym(lce,sn0 ®n0)|| + (al +a3)2 tr(’C@S) ||n0 ®n0||
a2 — ax as T
—2 (a1 + a3 tr(fCe,s ) (sym(Ke smo ® no), no @ no)
_ (aa—a1)* T oo (kT _ai 2
=t w)? <sym(l€eysno ® no),sym(K; sno @ no)> + (ot aa)? tr(Ke,s)
az — ai as T
_ P, (a1 n ag) tr(/Ce,s)UCe’sno ® no,no X TLO>
az — ax as
h a1+ a2 (a1 + as) tr(KE’S)<nO B 70 Ke,s:m0 ® no) (6~2~24)
= MUCT no ® no, K2, no®no>+MU€T no @ no,no @ no Ke,s)
4((11"’(12)2 €e,s b e,s 4((11"’(12)2 €e,s b €,S
M(n()@nolC K n0®n0>+M<no®noK ng @ no Ke,s)
4(a1+a2)2 e,sy/\ves 4(a1+a2)2 e,sy e,s
aigtr(;c )2
(a1 + a3)? o
(a2 — ) a3 2
== = |IK ——tr(e.s)”.
2(@1 +a2) H eanH + ( +a3)2 ( , )
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Note that
(KZ.5im0 @ng) = ((T1[T2[0)[(V20)F] ™), no @ no) = ((T1]T2|0)[(V2©)" (23)] ", (0[0]no) [(V.©)*(0)] )
12—$3Ly0 0 -
=<F1|F2|0 ), (010]70)[(V2©)"(0)] ' [(V.©)"(0)] " 0 >
0 0 1
1;01 0 12 ZgLyO 0 -
<O|O|n0 (T'1|T20), 0 0 >
0 0 1 0 0 1
0 0 O * x 0
:< 00 O0,]l* = O >:0. (6.2.25)
* x 0 0 0 1

We also observe that

no @ no[(V0) (1)) ™" = (0[0]no)[(V2©)*(0)] " [(V4©) (ns)] "
1o —asLy, 0\
= (0]0|n0)[(V20)*(0)] ' [(V.©)*(0)]© ( 0) (6.2.26)
0 0 1

O *x ¥

I} 0 1o —asly, O\ x 0
= (0[0Jno) 0 0  =(0[0no) | = 0 | = (0[0[no),
o 0o 1/ \o 0 1 0 1
(

Since we have used the matrix expression K, s = (I'1|T2/|0)[(V.©)*] =t and no®ng = (0]0|no)[(V.0)%(0)] 7L,
we deduce

T T T T T 2
<’Ce,sn0 ® no, Ke,sno ® ’I”L0> = <ICe,sn07 Ke,sn0> = ||]Ce,sn0H )
because for every vector 4, v € R® we have

(ﬂ@no,v ®Tl0> = <(’U®7L0)Ta®n071> = <(n0 ®v)ﬂ®n0,1) = <Tl0 ®n0<v,ﬂ>,1>

= (v,u) - (ng,no) = (v, 1) . (6.2.27)
=1
On the other hand,
az —ai . as az — Qi .1 2

2 ( sym K, s, sym ICo gm0 @ ng — ————— tr(Ke s )np @ = —||K_ noll”- 6.2.28

(v Koy g 90— = (K ) ) = 2T ol (6:229
Therefore, we see that

2

wm (V.0 2 K2 + (a1 ) 2 as tr(fC. )2 az — ax KT 2
Jeym (V2 0)7) 1 = llsym e+ 5= LT ol + (o () + 22 Kol

(6.2.29)

Now we continue the calculations for the skew-symmetric part,

Iskew TH[(V.©)"] 71 ||* = [|skew K. s ||* + [[skew((0]0]¢) [(V©)*] ~H)[|* + 2(skew K., skew((0]0]e) (V2 ©)F] 7).
(6.2.30)

In a similar manner, we calculate the terms separately. Since ng ® ng is symmetric, we obtain

k L0712 = [Isk G2 — 4147 __ 93
Iskew((010J)[(V-0)7 ) = fskew (722K g @ o — -2

tr(Ke,s)no @ no)||>  (6.2.31)

a; — a9
= Muskew(/cgs no ® ng)||.

But, we have

1
(KL gno ®no, KL ynog @mng) — 1 (KE yno ® no,no @ no Kes)

»Jk\}—‘

||skeW(ICeT75n0 ® n0)||

1
— <n0 & no KE)S, ng ® ng K:e,s> (6.2.32)

1
— = ({no ®ng Ke,s, KL ,no @ no) + 1

4

1
= SIKT ol
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where we used the fact that (ng ® ng)? = (ng ® no) We have as well

(
2(skew K., skew((0[0]c)[(V,0)F] 1)) = 2 EGQ <Skew Ke,s,skew (KL ;no ®ng)) (6.2.33)

a1 +a2

_ (a2 —a) T (az —a1)
- 2(&1 +a )<Ke sa’Ce,snO ®n0> 2(0,1 +a )<Ke,san0 ®’I’Lo ICe,s>
(a2 —a1) , p T (a2 —a1) , r
- ICesvlCeen ®mng) + ICpg,n XN ]C&s
(al +CL2>< e,s'00 0> 2(0,1 +G,2)< 0 0 >
(a2 —ay) 2
K ol
and we obtain
Jskowe T3V )71 12 = skerw Koo+ 120 T g2 — 28 et e (62,30
’ 2(a1 + a2)? (a1 + a2)
A further needed calculation is
2 2
[ (T [(V.0)171)] = (1K) + tr ((010]) [(V.0)1 7)) ) (6.2.35)
(ag —a1) , .r as 2
= ([ tr(Ke s ——— (K, JAg) — —————tr (Ko s 1
( 1(Ke,s) + 2(a1+a2)< o110 @ 1o, 1) (a1 + a3) (K, )_(n?®n’_/(; 3>)
no,Nno =1
2
ai 2
= ———tr(Kes)”.
(a1 + as)? t(Ke.s)
Now we apply the above calculations in the formula (6.2.4), and obtain
2
hom — L2 2 (a1 — ) 2, as 2 [ @2 —0a1, .. 2
WcurV(IC ) M c(al(”SymKG’S” + 2(0, + as ) HK:es OH ( ai +CL3)2 tr(lc&s) + a1+a2||lce,sn0“ )
k N (a2 —a1)? 2 Gd2—ai .1 2
+a2(||S ew K ) || + 2(@1 )QHICes 0” a; + 2H]Ce,sn0|| )
+ R )2) (6.2.36)
— {1 2.
as (al T a3)2 e,s ;
which reduces to
hom (je y _ 72 P K MLM 20103 e 2)
Wcurv (IC,) w c(alns}’m’C‘,K || +a2||s eW]Cm || ( )”’C TL()H + (al +a3) I'(}CT) )
(6.2.37)

One may apply the orthogonal decomposition of a matrix X
X=xl+xt xl=A,X  Xt:=(13-A,)X, (6.2.38)

for the matrix K. s, where A,, = (Vyo|0)[V,0(0)]7! € SO(3). After inserting the decomposition inside
the homogenized curvature energy, we get

Wchuorm]ces = LE ,Ces2 k IC6827@./17)IC83 %t Kcsz
P0Ces) = L (arlsym Kes |+ azllskew Koo | = G S0 KT amol 4 (220 (K0

= 2 (anllsym KL+ alskew K1 — =020 er, (kL)

pL (arllsym KL |1 + askew KL = SE= B S IR ool s (L)
a1+a2
+ I amoll)
_ 2 o2 aias I \2 , 26162 .1
fuLc(alusymzce,su + asllskew KL|[* 4+ s el )+ S0 SO (6:2:39)

6.2.3. Consistency check: obtaining the flat model from the curvy one

Now let us assume that in the homogenized energy which we obtained in (6.2.39) we have VO = 13, Vy, =
1. Also ng = [V.0(0)]es = e3. Then for the matrix

0
Ke,s = 0 [(vz@)h]_l
L1 Iz, |0
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with T = (g; §> we have

aia 2a1a
103 tr(FD)2+ 102

WE (Ke,s) = nL? (CL1||S}’mTD||2 + az||skew T'q||* + 1+ a3) ot a3

curv

’2) . (6.2.40)

Ly
I'so
A comparison between (6.1.12) and (6.2.40), shows that the homogenized flat curvature energy can be

obtained from the curvature one.

6.3. Conclusion

In this part we have considered the I'-limit procedure in order to derive a Cosserat thin shell model
having a curved reference configuration. The paper is based on the development in [90], where the T'-
limit was obtained for a flat reference configuration of the shell. Here, the major complication arises from
the curvy shell reference configuration. By introducing suitable mappings, we can encode the ”curvy”
information on a fictitious flat reference configuration. There, we use the nonlinear scaling for both the
nonlinear deformation and the microrotation. This leads to a Cosserat membrane model, in which the
effect of Cosserat-curvature survive the I'-limit procedure. The homogenized membrane and curvature
energy expressions are made explicit after some lengthy technical calculations. This is only possible
because we use a physically linear, isotropic Cosserat model. Since the limit equations are obtained by I'-
convergence, they are automatically well-posed. We finally compare the Cosserat membrane shell model
with some other dimensionally reduced proposals and linearizations. The full regularity of weak solutions
for this Cosserat shell model (for some choice of constitutive parameters) will be established in [54].
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Part Il.

Drill rotations for Cosserat surfaces
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7. Rotations and Cosserat surfaces

In this part we consider the apparently novel question whether nontrivial pure in-plane drill rotations
may appear in the deformation of shells if boundary conditions are prescribed that fix the Cosserat drill
rotations at a portion of the boundary.

We show under some natural smoothness assumptions that pure in-plane drill rotations as deformation
mappings of a C?-smooth regular shell surface to another one parametrized over the same domain are
impossible provided that the rotations are fixed at a portion of the boundary. Put otherwise, if the
tangent vectors of the new surface are obtained locally by only rotating the given tangent vectors, and
if these rotations have a rotation axis which coincides everywhere with the normal of the initial surface,
then the two surfaces are equal provided they coincide at a portion of the boundary. In the language of
differential geometry of surfaces we show that any isometry which leaves normals invariant and which
coincides with the given surface at a portion of the boundary, is the identity mapping.

In this context, we prove the following main improved rigidity result for surfaces
Proposition 7.0.1. Let w C R? be a bounded Lipschitz domain. Assume that m,yy € C?(w,R3) are
regular surfaces, Q € C*(w,SO(3)) and
Dm<x) :Q(Jj)DyO(I), Q(.T)’)’lo(l’) :77,0(3,")7 TEW,
m|’Yd = y0|7d ) (701)
01Y0 X 92yo

where ng = [[01y0 X D20 |
of the boundary Ow. Then m = yq.

denotes the normal field on yo(w) and v4 is a relatively open, non-empty subset

The interest for this question is not coming from differential geometry per se, but is motivated from
shell models with independent director fields, so called Cosserat-surfaces [38]. The additional field is a
rotation vector field @ € SO(3), necessitating additional balance equations and offering the possibility
to introduce new (material) parameters into the model, coupling in-plane tangent vector fields and the
rotation field @ by a stiffness p. > 0. The question of how to determine the Cosserat couple modulus
e is largely open in the dedicated literature [18, 16, 17, 19, 21, 29, 70, 98, 99, 109, 107, 3, 20, 49, 69,
73, 108, 111]. We focus therefore on the effect, this Cosserat couple modulus p. may have and arrive at
investigating pure in-plane drill rotations for arbitrary shell surfaces. In the course of this investigation
(see section 7.1 below) we connect the initial question to more standard rigidity results [74, 94, 2, 30] for
solid bodies and thin shells.

With the result of Proposition 7.0.1, in the end we are seeing that the stiffness p. in Cosserat shell models
is arguably connected to a boundary condition and therefore, its status as material parameter is in doubt.

Proposition 7.0.1 can be seen in the language of classical differential geometry of surfaces as:

Corollary 7.0.2. Let w C R? be a bounded Lipschitz domain. Assume that m,yo € C?(w,R3) are two
reqular surfaces and

L,(x) = [Dm(2)]" Dm(z) = [Dyo(2)]" Dyo(w) =Ly (),  n(x) =no(x) Vrew,
m‘w = yO"Yd ) (702)
where n = % and ng = T2WXR0 - gre the respective normal fields and ~yq is a relatively open,

10190 X920l
non-empty subset of the boundary Ow. Then m = yq.

The results of this Part should perhaps not come as a surprise to experts in the field of differential geom-
etry. Indeed, except for minimal surfaces, the Gauss map ng already determines the surface essentially,
cf. [66, Theorem 2.5]. On the contrary, minimal surfaces come with a family of ‘associate surfaces’, which
have all the same Gauss map but are distinct to each other. Comparable results to Corollary 7.0.2 can be
found in [1, 66, 48] where different methods of proof were used and any connection to applications were
missing. However, the latter result does not belong to the standard textbook knowledge in differential
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geometry and it is completely unknown in the field of shell-theory. Our aim is to give a straight forward
proof without the techniques coming from differential geometry. We use the Rodrigues representation
formula for rotations with given axis as well as repeated properties of the cross-product.

In order to set the stage, we recall some of the better known rigidity and integrability theorems, for
3D—bulk materials and 2D—surfaces. For a warm up, we tackle first the small rotation problem which
already discloses some of the necessary techniques. In the subsequent section 7.7 we give the proof of
Proposition 7.0.1 for the large rotation problem.

The complementary problem
Dm(z) = U(z) Dyo(z), (7.0.3)

of finding all “compatible” in-plane stretches U, characterized by
U(x)no(z) = kT (x)no(x), U(z) € SymT(3), w*(x)>0, (7.0.4)

has been completely solved more than ten years ago by Szwabowicz [106].!

Moreover, we have done some results regarding to minimal surfaces. If we consider the definition of a
minimal surface in mathematics aspect, we may consider surfaces that locally minimize their area; or
equivalently, when the mean curvature is zero (H = 0).

A famous example of minimal surfaces is the surface formed by the soap solution. This can be achieved
when we dip two wire rings inside a soap solution. Then what is produced is the boundary of this soap
film (which is a minimal surface) is the frame of the wire.

There is another equaivalent definition for minimal surfaces as following;:

A surface X C R? is called a minimal surface if and only if X is a least-area surface. A least area surface
is a surface which its area is less than or equal to the area of any other surface having the same boundary.
J. L. Lagrange (1768) was one of the first researchers who considered minimal surfaces by bringing up
the following variational problem. The task is: find a least area surface which is stretched across a given
closed contour. If we assume that the mentioned surface is z = z(z,y), then Lagrange showed that the
surface z should satisfies the Euler-Lagrange equation:

L Dz 2 5 O
Lo 0
=5 1= 5,

After a while, it was discovered by others that the minimality condition of a surface shows H = 0, and
hence, a surface with zero mean curvature is called minimal.

There are some examples of minimal surfaces like catenoid and helicoid (see subsection 7.5). In reality,
a catenoid is a form that is obtained by a soap film which is stretched over two discs of wire and are
perpendicular to the line which connect their centers. A catenoid is a member of the family of surfaces
which are obtained from the revolution of the curves y = a cosh x/b around the z-axis. Nevertheless, just
the special case a = b causes that the corresponding surface can be a minimal surface. The catenoid is
locally isometric to the helicoid. Indeed, a helicoid is a ruled surface which can be assumed as a straight
line that rotates at a constant angular rate around a fixed axis and at the same time step by step collapses
at a constant rate k along this axis. In parametric form, one can see a helicoid as following

x = pcost, y = psint, z = parctana + kt, (7.0.6)

where « is the constant angle. We notice that for o = 7 the helicoid is called straight or right, otherwise
is called oblique. Every straight helicoid is a minimal surface in the sense of zero mean curvature.

It is interesting to know that although a sphere is counted as a minimial surface in the aspect of mini-
mization the surface area to volume ration, but it is not qualified as a minimial surface in the sense of

mathematics definition.

7.1. Engineering motivation: Cosserat shell models

The elastic range of many engineering materials is restricted to small finite strains. Thin structures may
typically undergo large rotations (by bending) but are accompanied by small elastic strains.

LSzwabowicz uses a different notation, but his stretch tensor is basically the stretch tensor U satisfying (7.0.4). Note that
since U € Sym%(3) it can be orthogonally diagonalized, the stretch U(z) satisfying (7.0.4) leaves the tangent plane
Tyo(x)Y0 (w) invariant. Therefore, the Gauss map is preserved as well.
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In [84] the following geometrically nonlinear (but small elastic strain) isotropic planar shell model has
been derived for such a situation: find the midsurface deformation m : w C R? — R3 and the independent
rotation field R : w C R? — SO(3) minimizing the elastic energy

I(m,R) = / h[ullsym((ﬁllffz)TDm— 1o)|? +pc |skew((R1|R2)" Dm)||?

shear-stretch energy first order drill energy
+ = — A — =
4t pe) (R, 00m)? + By, 03m)?) + 2 tr(sym((Ra[Rz)” Dim — 1))% |
2 2u+ A
transverse shear energy stretch energy
B[ LZC|I? + pEH K 2] (7.1.1)
+ h—3 [u”symleH2 + pie||skew KCp||? + HA tr[le]Q} dw — min w.r.t (m, R)
12 2u+ A T
where the Cosserat curvature tensor is given by
=T = =T = =T — T
Ks = (R (D(R.e1)|0), R (D(R.e2)|0), R (D(R.e3)|0)), Ky :=Ks3 = R (D(R.e3)|0), (7.1.2)

and the boundary condition of place for the midsurface deformation m on the Dirichlet part of the lateral
boundary, m|,, = g4(z,y,0) is imposed. This shell model is derived by dimensional descent from a
three-dimensional bulk Cosserat model [38, 84] and the appearing parameters are the isotropic shear
modulus g > 0, the second Lamé parameter A (with 2u + A > 0) and the so-called Cosserat couple
modulus g, > 0, while & > 0 is the thickness of the shell, L. > 0 is a characteristic length and ¢ > 0.
This Cosserat shell model can be naturally related to the general six-parameter theory of shells [18, 16,
17, 19, 21, 29, 70, 98, 99, 109, 107], see also [3, 20, 49, 69, 73, 108, 111]. One of the typical energy terms
in these models is connected to so-called in-plane drill rotations [19, 110]. These in-plane drill rotations
describe local rotations of the shell midsurface with rotation axis given by the local shell normal ng of
yo. Typically, the constitutive coeflicients which governs this deformation mode are difficult to establish
(and the ubiquitous Cosserat couple modulus p. > 0 appears prominently). Naghdi-type shell models
with only one independent ”Cosserat”-director do not have the drill-degree of freedom [77] but allow
for transverse shear. Classical shell models neither have drill nor transverse shear [56, 45, 100]. On the
contrary, rotations about in-plane axis describe bending and twist. Even though a classical shell model
(with Kirchhoff-Love normality assumption) does not have this kinematic degree of freedom, numerical
approaches may introduce artificially shell-elements that possess locally this degree of freedom. The
question is then which amount of stiffness should be adopted. It is observed that higher artificial in-plane
drill stiffness strongly affects the calculated solution. In this context it is also known that flat shell
topologies allow for unconstrained drill rotations and we will observe this in this chapter as well: indeed
unconstrained drill rotations may be observed not only for flat surfaces but for any minimal surface as
well.

The extension of the planar shell model to initially curved shells has been recently given in [61, 56, 57].
The planar shell model (7.1.1) has been used to successfully predict the wrinkling behavior of very thin
elastic sheets [103]. In these calculations, however, the Cosserat couple modulus . has been set to zero
throughout and ¢ = 2 has been adopted. In this case, the term in (7.1.1) denoted by ”first order drill
energy” will drop out, while all other terms basically remain the same. It seems therefore mandatory to
devote special attention to this in-plane drill term in order to understand it’s physical and mathematical
significance. This will be undertaken next.
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7.2. On the physical concept of in-plane drill-linear torsional spring

Let w C R? be a bounded Lipschitz domain and 7o : w C R? — R? smooth and regular describing the
mid-surface of a shell.

Figure 7.1: The midsurface yo € C2%(w,R3) of
a shell is visualized, together with
a tangent plane Ty, (,)yo spanned by Yo
Oyo(x), Oayo(x) and with unit nor-

€3
mal ng(z). Prescribed boundary con-
ditions at 4 fix the shell mid-surface e P o
in space.

Let us analyze the energy term corresponding to drill rotations shown in (7.1.1). In order to measure
in-plane drill rotations of a shell in a continuum description one first needs to endow the shell with a
given orthonormal frame, tangent to the surface yg, against which in-plane rotations can be seen. The
role of this frame will be taken here by Qp € SO(3), defined by Qg := polar(Dyo|ng) (already used as
such by Darboux, see [41]), where polar(F') denotes the orthogonal part in the polar-decomposition of
F € GL™(3). First, it holds that

skew(QZ (Dyo|ng)) = 0 for Qo = polar(Dyg|ng) € SO(3), (7.2.1)

due to the properties of the polar decomposition [92]

0
Dyo]T D
(Dyoln) = Qo | VIPWI" Poe | o
0 0 |1
€Sym™(3)
CEZ™ (Qo,, Qo.)” Dyo = 1/ [Dyo]” Dyo € Sym™ (2). (7.2.2)

Here, it can be seen that Qg : w C R? — SO(3) is an orthonormal frame whose third column coincides with
the normal ng of the surface such that there is also no induced transverse shear. The three dimensional
condition (7.2.1) can be expressed equivalently as (see also (7.2.2))

skew (QT (Dyo|no)) = skew< (@0,-0o)" Do | 0 > —0 <= skew[(Qo,|Qo,)7 Dyo] = 0,

which is the ”drill energy” argument from equation (7.1.1) and in this special situation we have an initially
7drill-free” setting.

Now, what happens if we only locally rotate (drill) the given tangent vectors 01y, d2yo about the
rotation axis ng? For this, we take a drill rotation Q(a)ng = ng, Qo) = Q(a(z)) € SO(3), where
a = «(z) is the rotation angle and ng = ng(z) is the prescribed axis of rotation normal to the surface yq
and we consider locally the mapping

Dyo — Q(a) Dyo , (7.2.3)

which leaves the first fundamental form I,, = Dyl Dy, = (Q(a) DyO)T(Q(a)DyO) invariant. This
implies that the surface yg is locally changed isometrically. For simplicity, taking into account the
subsequent representation (7.3.2) of rotations with given axis of rotations, we consider presently only
small drill rotation angles « so that we can duly approximate

Q(a) =1+ a Anti(ng). (7.2.4)
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Inserting then (1 4 o Anti(ng)) Dy instead of Dyg into the drill term from (7.2.3) we obtain

skew [(QO1 |Qo,)" (1 + a Anti(ng)) (81y0|82y0)}

= SkeW((Qol |Q02)T Dyo) + skew |:(Q01 ‘QOQ)T (0% (no X 81y0‘n0 X 82y0>:| (725)
=0
— g ( 0 _[<Q02an0 X 31y0> - <Q01an0 X 82y0>])
2 \[(Qo,;10 X 01y0) — (Qo,, 10 X D2yo)] 0 :

We will now show that for any non-zero small angle of rotation «, expression (7.2.5) is non-zero implying
that the related drill energy term h p.||skew((Qo, |Qo,)* Dyo)||? serves to introduce a linear torsional
spring stiffness against superposed in-plane rotations (with spring constant hy., where p. > 0 is the
Cosserat couple modulus).

Note that at present, the discussion is purely local: at no place did we require that Q(«(z)) Dyg(z) can
be determined as the gradient of a mapping. The global question whether Q(«) Dyg can be the gradient
of a regular embedding m : w — R? with w C R? will be considered next.

7.2.1. Setting of the differential geometric problem

Consider a given initial curved shell surface parametrized locally by yo : @ C R? — R3, where we assume
that yo is sufficiently smooth and regular (rank(Dyg) = 2). Let m : @ C R? — R3 be any smooth
deformation of the given surface y, parametrized over the same domain and consider a smooth in-plane
drill rotation field

Q:wcR* = S0O(3), Q(z)no(x) = no(z), (7.2.6)

O01%0 X D210

is the unit normal vector field on the initial surface yy. We will assume further
0190 X G290l

where ng =

on that

Qs =1, (7.2.7)

where 7y, is a relatively open, non-empty subset of the boundary dw. The motivation for this boundary
condition will be given in Lemma 7.4.1.

Problem 1. Let w C R? be a bounded Lipschitz domain and assume that m,yo € C?(@w,R3) are regular
surfaces. Does there exist a nontrivial in-plane drill rotation field Q € C*(@, SO(3)) such that

Dm(x) = Q(z) Dyo(z), Q(z)no(z) = no(z), T €W,
Qly, = 1. (7.2.8)

Figure 7.2: At any point of the surface yo
tangent planes are rotated in
their own plane leaving the ori-
entation of the surface invari-
ant to obtain a new surface m.
How can m look like if at a part

Yd of the boundary 74 C Ow the

surfaces m and yq coincide?

Remark 7.2.1. For a given shell surface yo any pure bending (flexure) deformation m satisfies locally

Dm(z) = Q(z) Dyo(x),  Q(z) € SO(3), (7.2.9)
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such that the first fundamental forms coincide I, = [Dm]? Dm = [Dyo]” Dyo = 1,,,. Considering a flat
piece of paper assumed to be made of unstretchable material, the rotations can even be fixed at one side
of the paper still allowing for nontrivial bending deformations of the paper. However, the appearing local
rotation field Q(x) € SO(3) in this case is not of in-plane drill type, i.e., the rotation axis of @ is not
everywhere given by ng. |

Figure 7.3: A pure bending deformation of Yo
a surface leaves length invari-
ant, the first fundamental form
is unchanged, but there is lo-
cal rotation. We have Dm =
Q(x) Dyp for some non-constant
Q@ € SO(3), but the rotation in
this example does not have an in-
plane rotation axis.

/////,
7 m

Ea=

Remark 7.2.2 (Rigidity in 3D). Assume that M : Q C R? — R? and Yy : Q € R® — R? are two
diffeomorphisms, the formally similar to (7.2.8) looking condition

DM(z) = Q(z) DYy(=), Q(z) € SO(3), x €, (7.2.10)
implies that Q(z) = const by rigidity [94, 2], as can easily be seen as follows.
By the chain rule we have

D(M(Yg '(€))) =DM(Yy ' (€)) D[Yy '(€)], where D[Yg'(€)] = [DYo()] ™",
therefore,
D (M (Y '(€))) = Q(2)[DYo(x)] [DYo ()],
= D(M(Y; €)= Qz) € SO(3) 22X = const. (7.2.11)

Note that the smoothness of @ : © — SO(3) can be a priori controlled by the smoothness of M and
Y. 0

Remark 7.2.3 (Rigidity in 3D). In the 3D—case we have another condition which turns out to yield
homogeneous rotations as well. Assume again that M, Y, : Q C R3 — R? are two diffeomorphisms. Then

VeeQ: [DM(z))]" DM(z) = DYy(x)]' DYy(x) <<= M(z)=QYs(x), (7.2.12)

where Q € SO(3) is a constant rotation, as is shown, e.g. in [30]. However, as already seen, 2D —structures
are much more flexible in the sense that for m,yo : w C R? — R? (smooth embeddings)

Ly = [Dm(@)]” Dm() = [Dyo(2))” Dyo() =1,, #= mlz) = Quo(a), (7.2.13)

as any pure bending deformation shows. O

Example 7.2.4 (Flat case). Consider yo : w C R? — R3 with yo(x) = (21,72,0)T. Then Dyg(x) =
1 0
0 1] and ng = e3. Thus, the conditions Q(x)ng = ng, m € C*(w,R?) and Dm(z) = Q(x) Dyg(x) for
0 0

Q(z) € SO(3), together with Q|, = 13, imply

1 0 ~ 0 1 0 .
D)= Q@) [0 1= 9@ Jo]lo 1]|=( Q@ |, (7.2.14)
0 0 0 0 1 0 0 0
with Q(z) € SO(2). Hence, Dmg(z) = 0 and
mi(z)\ A -
D (mz(m)) = Q(z) € SO(2). (7.2.15)

Then, again by rigidity [94] we obtain that @ = const. Applying the boundary conditions we have
Qly, = 12 and finally @ = 13. Thus m — yo = const. (]
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7.3. Preliminaries on rotations in SO(3) and the Euler-Rodrigues
formula

We need to consider the matrix exponential function
— 1
exp: 50(3) > SO(3),  exp(d) =Y _ EA’“, A€ s0(3). (7.3.1)
k=0 "

According to Euler, any rotation can be realized by a rotation around one axis with a certain rotation
angle. However, any rotation @ € SO(3) with prescribed rotation axis ng and angle of rotation a can be
written with the Euler-Rodrigues representation in matrix notation as [97]

Q(a) = exp(Anti(ang)) = 1 + sina Anti(ng) + (1 — cos @) (Anti(ng))?
= (1 —cosa)ng ®mng+ cosal+sina Anti(ng). (7.3.2)

For small rotation angle || <1 the above representation (7.3.2) will be approximated by
Q =~ 1+ a Anti(ng), (7.3.3)

since sina —+a and 1—cosa—0 as |a| — 0. For later use, note that any nontrivial rotation
1 # @Q € SO(3) has (only) one rotation axis n € R3 such that Qn = n where 7 is the eigenvector to the
real eigenvalue 1.

Taking the trace in (7.3.2), we also see that

tr(Q(a(z))) = 2cosa(x) + 1 = cos(a(x)) = % . (7.3.4)

The inverse cosine is a multivalued function and each branch is differentiable only on (—1,1). Thus,
t -1
for @ =1 or Q = diag(—1,—1,1) we have % € {—1,1}, i.e., in the neighborhood of both these

rotations the simple formula (7.3.4) is not meaningful for extracting a smooth rotation angle. In order
to solve this problem for small rotation angle « (for @ near to 1) we proceed as follows (the simple idea
is taken from [76]). Multiplying (7.3.2) on both sides with Anti(ng) from the left gives

Anti(ng)Q(c) = Anti(ng) + sin a(Anti(ng))? + (1 — cos a)(Anti(ng))> . (7.3.5)
€s0(3) €s50(3)

Tanking the trace gives

tr (Anti(no)Q(a)) = —sina||Anti(no)||* = —2sina, (7.3.6)
since Anti(ng) € s0(3) and ||ng|| = 1. Thus with (7.3.4) we arrive at
tr (Anti(no)Q> tr(Q) — 1 . tr (Anti(no)Q)
. _ _ r(Q)#1 _
sina = ————p—", cosa = ——— = tan « Tw@ =1 (7.3.7)

whereby any branch of the inverse tangent is smooth on R. This shows that for tr(Q) — 1 > 0, i.e., in a
large neighborhood of ) = 1, the extraction of the rotation angle « from the rotation @ is as smooth as
@ and the surface allows.

Lemma 7.3.1. Assume y € C%(w,R3) is a regular surface and let Q € C*(w,SO(3)) be given. Assume
that for a point g € w and ag € R it holds
Q(z0) = (1 — cosag) no(zo) ® no(xo) + cos ag 13 + sinag Anti(ng(zo)), (7.3.8)

where ng s the normal field on yo. Then there exists a neighborhood U(xg) C w and a continuously-
differentiable function

a:U(xg) = R satisfying a(zo) = ap, (7.3.9)

such that for all x € U(xg)
Q(z) = (1 — cosa(z)) no(x) @ no(x) + cos a(x) 13 + sina(x) Anti(ng(z)). (7.3.10)
Proof. The C'-regularity of « in a sufficiently small neighborhood of x follows from one of the expressions
contained in (7.3.7). Indeed, for tr(Q(zo)) # 1 consider in (7.3.7)3 the branch of the inverse tangent which

contains ag. Otherwise, for tr(Q(zo)) = 1 take in (7.3.7)2 the branch of the inverse cosine which contains
«p, cf. Figure 7.4. ]
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tan(og)f---f---------

Figure 7.4.: The range for the corresponding branch of the inverse trigonometric functions are indicated
in blue.

7.4. Boundary conditions

Lemma 7.4.1. Let w C R? be a bounded Lipschitz domain. Assume that m,yo € C1(@,R®) are regular
surfaces, Q € C°(w,SO(3)) and

Din(z) = Q@) Dyo(e),  £€T,  mlyy = Yol (7.4.1)
where vq is a relatively open, non-empty subset of the boundary Ow. If for all x € v4 we have Q(x)ng(x) =
no(z), where ng = %, then Q|, = 1.

Remark 7.4.2. For the conclusion of this lemma we only need the assumptions on 4. However, the
required conditions in the interior of w are those which will be considered later. O

Proof of Lemma 7.4.1. Consider a C%!-parametrization v : (0,1) — R2? ~4(0,1) C 74 C Ow. Then,
m((5)) = 3o(1(5)) on (0, 1) imnplies for 4(s) € R?

%m(v(s)) = diiyo(v(s)) = Dm(y(s))%(s) = Dyo(v(s))¥(s) € R? a.e. on (0,1). (7.4.2)
Hence,
Dm((s)) 3(s) "2 Q(v(5)) Dyo(v(s) 4(s) =Y Q(v(5)) Dm(1(5)) As)  ae. on (0,1).  (7.4.3)
————

=:q(s)ER3

Thus ¢(s) = Q(v(s))q(s), for almost all s € (0,1). Moreover, the vector ¢(s) is a tangent vector to yo
at yo(y(s)). Together with the assumption Q(v(s)) no(y(s)) = no(y(s)) it follows that Q(v(s)) has two
linear independent eigenvectors ¢(s) and ng(y(s)). Since the axis of rotation is unique for any nontrivial
rotation, it follows Q(y(-)) =1 a.e. on (0, 1) and by continuity @|,, = 1. ]

We repeat a similar reasoning for the small rotation case.

Lemma 7.4.3. Let w C R? be a bounded Lipschitz domain. Assume that m,yo € CH(w,R3) are two
regular surfaces, A € C(w,s0(3)) and

Dm(z) = (1+ A(x)) Dyo(z), TEW, My, = Yolvyg s (7.4.4)
where g is a relatively open, non-empty subset of the boundary Ow. If for all x € vq4 C Ow we have

01y X O —
A(x)ng(z) = 0, where ng = %, then Al,, = 0.

Proof. We have again

Dm(y(s))%(s) = Dyo(v(s))¥(s) € R3 a.e. on (0,1), (7.4.5)
for a C%!-parametrization v : (0,1) — R?, 4(0,1) C 74 C Ow. Hence, we obtain a.e. on (0, 1)

Dyo(7(5))7(s) "=Y Dm(v(s)) 4(s) TV Dyo(v(s)) 4(s) + A(3(s)) Dyo((s)) 4(s)
—  0=A(y(s) Dyo(v(s)) 4(s) = A(v(s))a(s), where gq(s)Lng(7(s)).  (7.4.6)

=:q(s)

From the assumption we moreover have A(y(s)) no(y(s)) = 0 so that with A(y(s)) ¢(s) = 0 along v4 we
obtain A(y(s)) = 0, since any non-zero skew-symmetric 3 x 3 matrix A has rank two. |
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7.5. Family of minimal surfaces

One of the family of minimal surfaces is catenoid. It is shown that catenoid is a minimal surface. Actually
this name comes from the rotating a certain catenary about some axis. Let us assume that the axis for
rotation is xz-axis. Then all catenoids are generated by rotating the catenaries

T1 = o cosh

(=, (7.5.1)

where x3, and « are arbitrary constants with o # 0.
By choosing z3, = 0, we can see a parametrized representation for a catenoid like X : C — R3

« cosh xq cos xo
X(z1,22) = | —acoshzysinzy |, for —oo<z; <o00,0<xs <27, (7.5.2)
[e%5]

and x = (21, 72) € C, that is, x = x1 + ixo. If the mapping f: C — C? denotes the isotropic curve with
f(z1,72) = (@ coshx, ai sinhx, ax), (7.5.3)
we may write

X(x) =Re f(x). (7.5.4)

Definition 7.5.1. An associated family of a minimal surface is a one-parameter family of surfaces which
share the same displacement of the vectors between two corresponding points in the range. It means, all
of the members of an associate family have the same domain, Gauss map and metric.

For the catenoid (7.5.2), the adjoint surface of (7.5.4) can be
X*(x) :=Im f(x), (7.5.5)
and the adjoint of the catanoid is the matrix

«asinh 7 sin zo

asinhx coszy | . (7.5.6)
azy
In other word, one may write
X" =aY (x2) +sinhz, Z(z2), (7.5.7)
where
Y (z2) = (0,0,22), Z(x2) = (sinxg, cosxg,0). (7.5.8)

Hence, for every xo € R the curve X*(.,x2) is a straight line which meets the x3-axis perpendicularly.
Generally, we see that X* is generated ba y screw motion of some straight lines which meet the x3-axis
perpendicularly. Therefore, X* is called helicoid or screw surface. So, the helicoid X*, which is the
adjoint of the catenoid X, is a ruled surface with the x3-axis as its directrix.

Remark 11. Assume that Z(w,0) is the associate surfeces. The coordinates of
Z(w,0) = Re{e " f(w)}, 6H€eR, (7.5.9)
to the catenoid X (x), also to the helicoid X*(x) are

« cosh 1 cos x5 cos § + asinh x1 sin x5 sin 6
—acosh z; sin zs cos 0 4+ asinh 1 cosze sinf | . (7.5.10)
axycosf + axysind

Generally, a catenoid can be written as

X“(g) = (cosh xy cos z2, — cosh x1 sin g, 1), (7.5.11)
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and the helicoid as
X’“il(a:) = (sinh 2 sin xq, sinh 21 cos xa, x2) .
So we can write the curve like following
X(x) = aX(x) + X" ).
By choosing
a=ccosf, [ =csinf with c:\/m,
and hence,

X () = clcos 0X % (x) + sin 6X ! ()] .

In the special case for a = cosf and 8 = sin 8, gives
X (x) = cos 0X(x) + sin 0X 1 (x) .
Their partial derivatives fulfill
X% =cosf-0; X —sinh- 9, X and 9,X% =sinf -9y X 4 cosh - 9y X,
so that, the surface normals remain unchanged

nye (1, x2) = Nyeat(T1,T2) = Nxna(T1,T2) for all (z1,22) € w.

(7.5.12)

(7.5.13)

(7.5.14)

(7.5.15)

(7.5.16)

(7.5.17)

(7.5.18)

Further properties of the members of this associate family X? can be found in [71] and [42, Chapter 3],

as well as the references cited therein.

Figure 7.5: Four consec-
utive steps of
an isometric

deformation of
a catenoid (left)
into a helicoid
(right). Such a
transformation

exists, since
both are mem-
bers of the same
associate family
X%  Note that
every member
of the deforma-
tion family has
vanishing mean
curvature, i.e.,
is a minimal
surface.

To see (7.5.17) and (7.5.18) we take the partial derivatives of (7.5.16):

9; X% = cos - 9; X +sin6 - 9; X" for j =1,2.

(7.5.19)

Since the partial derivatives of the catenoid and the helicoid satisfy the Cauchy-Riemann equations

81Xcat _ 82Xhel and aQXcat _ _athel ,
we obtain (7.5.17), which in matrix notation reads

Dx? — D xeat ( cos 6 sm0> .

—sinf cosf

(7.5.20)

(7.5.21)
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Moreover,

91X° x 9, X? T2 D052 0 0, X x 9, X — gin? 0 - 9y X x 9y XA

= 01 X x 9y X8 (7.5.22)

which gives (7.5.18). Furthermore,

cos X2 sinh 1 —sin x5 cosh x
O X = | sinzysinh and 0o X = | cosascoshz; |, (7.5.23)
1 0
so that
cat||2 __ : 2 _ 2 _ cat||2 cat cat\ __
|01 X||* = sinh®“ z1 + 1 = cosh” 1 = || X ||* and (01 X, 0. X)) = 0. (7.5.24)

In regard with (7.5.17) we obtain

(7.5.24), (7.5.24),

101X
2 (7.5.24),

cos? 0]|0; X || + sin? 0|92 X % ||? cosh? z , (7.5.25a)

7.5.24),

102 X°| sin? (|01 X |2 + cos? 0|92 X < ||? ( cosh? z; = |0, X 9|2, (7.5.25b)

(7.5.24), 7.5.24),

(0.X°, 8, X7 cos 0sin 09, X2 — sin 6 cos ]| X2 0. (7.5.25¢)
In other words, the first fundamental form of all members of the associate family remains unchanged and

is given by

—sinf cosf —sinf cosf

_ T yo _ [ NOLXPP (91 X%, 0 X0)\ o
Ixe(x1,22) = [DX°]" DX’ = ((81X9,82X‘9> 195 X7 |2 = cosh” z; - 1. (7.5.26)
Thus,
[D X7 D X (7.5.21) (D X°]T p xent ( cosf  sin 0) (1526) 20 ( cosf  sin 9) (7527)

and DX DX? ¢ Sym™(2) is not a pure in-plane stretch.
Moreover, as in (7.7.12), there exists an in-plane drill rotation Q’(z) € SO(3) which fulfills

DX%x) = Q%) DX (x) and Q%(x)no(x) =no(x), where no(x) = nxe(x)=nxe(z). (7.5.28)

Next we show, that the (constant) rotation angle, cf. Lemma 7.7.1, extracted from Q%(x) is already given
by —0 (or differs from it by an integer multiple of 27), so that we have the representation

Q%(x) = (1 — cos(—0)) no(z) @ no(z) + cos(—0) 1 + sin(—0) Anti(ng(z))
= (1 = cosf) no(x) ® no(x) + cosf 1 — sin 6 Anti(ng(x)). (7.5.29)

For that purpose, note that
— cOS T cosh 1

alXcat X 62Xcat _ _sin T COSh.’El = ”81Xcat % 82Xcat|| _ COSh2 1, (7530)
sinh x1 cosh z;

so that
1 — COS X9
ng = —sin xIo s and ng X 81Xcat = 32Xcat, ng X 82Xcat = 781Xcat. (7531)
cosh .
sinh 2

Hence, with ng ® ng 9; X = ng (ng, 9;X*) = 0, we obtain

(7.5.29) (7.5.31),

o809, X — sinf oy X "2 g x0
(7.5.32)

Q%9 x e cos 0 0 X — sin O Anti(ng)o X



7. Rotations and Cosserat surfaces 94

as well as

Q%0 X T2 (050 9, X — sin 0 Anti(no)da X "2V cos 00, X 4 sin 09, x 272 9, x0 |
(7.5.33)

and we have shown that
QDX =DX?, (7.5.34)

where Q? has the expression (7.5.29) and its columns read with the representation of the normal (7.5.31);

(0032 2o —cosh? a:l) cos 0—cos? z

cosh? x

6 . . . _ .
Q el = __cosh x; sinh sm0+cosm2251nacg cos f—cos xo sin To (7535&)
cosh? x1
__cosh x; sin x5 sin #—sinh ;1 cos x5 cos 4-sinh x; cos za
cosh?

cosh z1 sinh 1 sin 0 —cos x 3 sin x5 cos #+cos x2 sin xo
cosh? z;

B (sin2 @5 —cosh? @1 cos O—sin® x5 (7.5.35b)

cosh? z;

Q’ e

cosh x1 cos x5 sin #+sinh 1 sin x5 cos #—sinh x1 sin xo
cosh? z;

cosh x1 sin x5 sin f+sinh x; cos x5 cos #—sinh 1 cos xo
cosh? x;

0 __coshx; cos xg sin §—sinh x; sin x5 cos §4-sinh x; sin x5
Q €3 cosh? x; . (7535C)

cos O+cosh? z1—1

cosh? 1
Recall, that if a surface X is parametrized conformally, i.e., it holds ||0, X || = ||0=X || and (01 X, 02 X) = 0,
then it is a minimal surface (i.e. has vanishing mean curvature everywhere) if and only if AX =0 holds,
cf. [42, p.72]. Thus, in regard with (7.5.26), to check that all members of the associate family X are,
indeed, minimal surfaces, we compute

(7.5.17) (7.5.23)

AX° cos @ - AX 0. (7.5.36)

Furthermore, if a minimal surface is parametrized conformally, then the same holds for its corresponding
Gauss map, cf. [42, p.74]. Indeed, all members of the associate family X? are minimal surfaces and for
their Gauss maps (which all coincide) ng : w — S? it holds

(7.5.31), 1

I, = [Dng/'Dng =" —5— -1y, (7.5.37)
cosh” z;

which shows that ng is also parametrized conformally.

Let us mention, that the constancy of the rotation angle can also be achieved without applying Lemma
7.7.1. For that purpose, let us here call the in-plane drill rotation Q(z) € SO(3) which fulfills

DX%z) = Q(z) DX (z) and Q(z)no(z) = no(x), where ng(z) = nyo(z) = nyes(z). (7.5.38)
Thus, as in (7.7.12), it follows
(DX%|ng) = QDX |ng) = Q= (DX’|no)(DX|ng)"t, (7.5.39)

and a direct computation gives the entries of @(x), which, indeed, coincide with (7.5.35). From the
uniqueness of the Euler-Rodrigues representation it then follows that the corresponding rotation angle
a(x) is constant and is given by —6 (or differs from it by an integer multiple of 27). Indeed, with (7.3.7)
we have

(r37) _tr (Anti(no(x))@(:v)) a=e" oo os((2)) (a7 tr Oz) —1 o=a’

sin(a(z)) 2 (7.5.35) 2 (7.5.35)

cos 0

7.6. The small rotation case: A € s0(3)

For m, yo: w C R? — R? we discuss

Dm(z) = Q(z) Dyo(z), Q(z)ng(x) = np(x), no unit normal vector field on yo(w), (7.6.1)
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where Q € C'(w,S0O(3)). Consider a linear approximation of this situation for small rotation angle a,
|| < 1. Then we can write
Dm(x) = Dyo(z) + Dov(x), Q(z) =1+ A(z) +hot., AcCYw,s0(3)). (7.6.2)
Note that we do not assume that Dv is small. We only assume that the rotations are close to 1. Then,
Dm(z) = Dyo(x) + Dv(z) = (1 + A(x) +...) Dyo(x) = Du(z) = A(z) Dyo(z) +..., (7.6.3)
hence we may consider the new problem
Dou(z) = A(z) Dyo(x), A e CHw,s0(3)), A(z)ng(z) =0. (7.6.4)
Therefore, we are led to study the problem

Lemma 7.6.1. Let w C R? be a bounded Lipschitz domain. Assume yo € C?(w,R3) is a regular surface
and let v € C?(w,R3). Moreover, assume o € C*(w,R) and consider the system

Do(z) = a(z) Anti(ng(x)) Dyo(z), T Ew, (7.6.5)

01Y0 X 2Yo

where ng = o gree denotes the normal field on yo(w). Then o = const.

Proof. We write
(01v]02v) = o Anti(ng) (01yo0|F2yo) = oz(Anti(no)alyo Anti(no)agyo) , (7.6.6)
= Odw=alngx0yl, 0Ov=al[ngxdyl,
where we have used that Anti(ng)n = ng x 7. We proceed by taking the mixed derivatives

828111 = (9204 [’flo X alyo] + « [32n0 X 81yo + ng X 8281?;0],
01020 = dra[ng X Dayo | + [ O1mg X Dayo +no X 0102y0 |- (7.6.7)

Hence, by equality of the mixed derivatives in (7.6.7) for yo,v € C?(w,R?) we must have

Do [ng x O1yo | +a[Dang x A1yo | = Orax [y x Dayo ] +a [O1mg x Doy ] € R3. (7.6.8)

=Y, =B =X =4

__)
Especially we ha’vg that Z and § are normal vectors whereas Xy and ?0 are linear independent tangent
vectors, since (Xo)ng =0, <?0>n0 =0 and

._)
Xo x Yo = —(no X O2y0) X (o X O1y0) = —(n0)d2y0 X d1%on0 = (no)||01y0 X D2yol| - non0
= (010 x O2y0]| - 70 = 10 % D2y, (7.6.9)

%
where we have used that ng = ”gi%gz‘zg”. Thus, the vector fields Xy, 70 and ng form a 3—frame on the

surface yo(w). However, (7.6.8) reads,
D Xo+0ha-Yo=a- (A —B)=6-no, (7.6.10)

H
with a scalar field §, so that by the linear independence of the vector fields X, 70 and ng we must always
have 01 = 0sa = 6 = 0, which gives a = const. [ |

Thus, adding sufficient boundary conditions we arrive at

Proposition 7.6.2. Let w C R? be a bounded Lipschitz domain. Assume yo € C?(w,R3) is a regular
surface and let v € C?(w,R3). Moreover assume o € C(w,R) N C%(@, R) and consider the system

Du(z) = a(z) Anti(ng(x)) Dyo(z), T Ew, aly, =0, (7.6.11)
where ng = % denotes the normal field on yo(w) and 4 is a relatively open, non-empty, subset

of the boundary Ow. Then o = 0.
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Proof. By Lemma 7.6.1 it holds o = const, so that due to the vanishing boundary condition a|,, = 0
and the continuity of a we obtain a = 0. ]

Corollary 7.6.3. Letw C R? be a bounded Lipschitz domain. Assume that m, yo € C*(w,R?) are reqular
surfaces and o € CH(w,R) N C°(w, R) is given with

Dm(x) = (1 + a(z) Anti(ng(z))) Dyo(z), T EW, Mlyy = Yolvya » (7.6.12)
where ng = % denotes the normal field on yo(w) and g4 is a relatively open, non-empty, subset

of the boundary Ow. Then m = yq.

Proof. We invoke Lemma 7.4.3 to see that m|,, = yo|,, implies a|,, = 0. Thus, for v = m — yy we can
apply Proposition 7.6.2 to conclude that Dv = 0. ]

Proposition 7.6.4. Let w C R? be a bounded Lipschitz domain. Assume m,yo € C?*(w,R?) are regular
surfaces and o € C(w,R) with

Dm(z) = (14 a(z) Anti(ng(z))) Dyo(z), T Ew, (7.6.13)

01Y0 X I2Yo

Torsexoopay denotes the normal field on yo(w). Then

where ng =
Veew: a(r)=0 or H)=0, (7.6.14)

where H denotes the mean curvature on the surface yg.

Proof. Recall that it holds for the vector field
X — § = 81710 X 822/0 — 62TLO X 81y0 =-—2H H81y0 X 82y0|| ng = —2H 81y0 X 82?;0, (7615)
cf. [42, Section 2.5, Theorem 2]. Thus, for v = m — yo the validity of (7.6.10) implies that we have
pointwise either a vanishing angle a or a vanishing mean curvature H since
7.6.10 6.
0(E)a-(Z—?)(76:15)—2a~H-81y0><82y0. |

a=const

Remark 7.6.5 (Symmetry of the second fundamental form). It is interesting to note that conclusion
(7.6.14) can also be obtained from the symmetry property of the second fundamental form on the surface
m(w). Indeed, the normal vector field on m(w) coincides with ng since

81m X 82777(J7.6:Al3281y0 +« Antl(no) 81y0) X (82y0 +« Antl(no) 82y0)

= (O1y0 + ang x d1yo) X (ayo + ang X J2yo)

7.6.9)

= 0190 X Oayo + a2(n0 X 01y0) X (no X O290) ( (1+ 042)312/0 X O29o- (7.6.16)

Thus, for the second fundamental form on m(w) we obtain

Sym(2) > I, = —[Dm]TDn = —[Dm]TDnO (7.6.13) —[(1 4+ a Anti(ng)) DyO]TDno

= —[Dyo]" Dng — a [Dyo]” Anti(ng)” Dng = 11, + a [Dyo]” Anti(ng) Dng.  (7.6.17)

Since II, € Sym(2), we are left with the single condition

. O1yo)¥
a[Dyo)" Anti(ng) Dng € Sym(2) <<= « <E3252§T) (no X 81n0’n0 X O9ng) € Sym(2)
* (O1y0,mo X Dang)
= ((62y0>n0 X O1ng * € Sym(2)
< { a=0 or <81y0,n0 X 32710) = <32y0,n0 X 81n0>}
< { a=0 or <n0,82n0 X 81y0> = (n0,81n0 X 82y0>}
< { a=0 or 0= <’I”Lo, 81n0 X 323/0 — 82’)10 X 81y0>}
(’22)?) { a=0 or 0= <7’l0, —2H 61:[]0 X 82y0>}
<~ {a=0 or H||Owyo X dayol =0}
< {a=0 or H=0}. (7.6.18)
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Corollary 7.6.6. Let w C R? be a bounded Lipschitz domain. Assume yo € C?(w,R3) is a regqular
surface and let v € C?(w,R3). Moreover assume o € C*(w,R) and consider the system

Du(z) = a(z) Anti(no(x)) Dyo(x), T EW, (7.6.19)

01Y0 X 02Y0
18190 % D2yol|
at one point yo(xo), then a = 0.

where ng = denotes the normal field on yo(w). If the mean curvature H of yy does not vanish
Y Y

Proof. Tt follows from the previous Proposition 7.6.4, that if the mean curvature H does not vanish at
some point yo(zo), we must have a(xg) = 0 and the conclusion follows, since & = const by Lemma
7.6.1. -

7.7. The large rotation case: ) € SO(3)

Lemma 7.7.1. Let w C R? be a bounded Lipschitz domain. Assume that m, yo € C*(w,R®) are regular
surfaces, Q € C(w,SO(3)) and

Dm(z) = Q(z)Dyo(x),  Q@)no(x) =no(z),  rew, (7.7.1)

01y0 X 02y0
[[01y0 X d2yo|
the rotations angle in the Euler-Rodrigues representation of Q.

where ng = denotes the normal field on yo(w). Then o = const, where a : w — R denotes

Proof. By the Euler-Rodrigues representation there exists a function o : w — R which fulfills
Q(z) = (1 — cosa(z)) no(x) ® no(x) + cos a(x) 1 + sin a(z) Anti(no(x)), (7.7.2)

so that due to the expressions from (7.3.7) for all = € w there exists a neighborhood U of z such that
aeCHUNw,R).

In view of (7.7.2), the problem (7.7.1) can be recast (at least locally) as follows
Dm = ((1 —cosa)ng ®ng +cosal+sina Anti(no)) Dyp. (7.7.3)
Since (ng ® ng) Dyo = no ® ([Dyo]Tno) = 0, the latter formula simplifies to
Dm = cosa Dyg + sina Anti(ng) Dyo. (7.7.4)
Obviously we have
O1m = cosadryo +sina (ng X 01yp) and dam = cos @ Doy + sina (ng X dayo) ,

where for ¢ = 1,2, we used that Anti(ng)d; yo = no X d;yo. By taking the mixed derivatives, we arrive at

O01m = Ja(cos & D1yo) + O2(sin @ (ng X O1yo)) (7.7.5)
= —sina da@ O1yo + cos & 201 Yyo + cos @ Dot (ng X D1yo) + sina ang X A1yo + sin @ ng X 9201 Yo,

as well as

010om = 91 (cos @ Dayp) + O1(sin @ (ng X Aayo)) (7.7.6)

= —sina d1a dayo + cos & 0102yo + cos @ d1 & (ng X Gayo) + sina O1ng X d2yp + sin ang X d19a2yo-

By using the equality of mixed derivatives for m,yy € C?(w, R?) we must have

Ot ( —sina O1yo + cosa (ng X 81y0)) +sina dong X A1yo (7.7.7)
-7 -2

=0ia (— sin & Doy +cos a(ng X 82y0)) +sina d1ng X G2y -
—_————
_ 3, A
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— —
As in the linear case we obtain that Z and E are normal vectors whereas Xz and Y3 are linear inde-
pendent tangent vectors, since (Xg,ng) =0, (Yz,ng) =0 and

- — - - = o~ ~
Xa x Yz = (sina@ayp + cosa Xp) x (—sinadryo + COSO&?@)
~ ~ 7 .o~ ~ -
= sin® @ 1y X Oayo + cos® & X X ?0 + sin & cos a(O2yp X ?0 — Xo x 0190)

7.6.9) . o ~
( = )51112 a O1yo X Doy + cos? @1y X Dayo = A1y X Oayo, (7.7.8)

H
where in * we also used that dyyy x ?0 — Xo x 0190 = O2yp X (ng X O1yo) + (ng x d2yo) X A1yo = 0.

— =
Thus, the vector fields X5, Yz and ng form a 3—frame on the surface yo(w). However, (7.7.7) reads,
_> _> ~
018 Xa+ 00d - Ya =sing - (A — B) =3 - no, (7.7.9)

with a scalar field g, so that by the linear independence of the vector fields )Ta}, Y_';- and ng we must
always have 0,a = dsa = § = 0, which gives a@ = const. Consequently, we also have cos a = const and
sinaa = const in U Nw for any choice of an angle function a: w — R It follows form the expressions in
(7.3.7) that both functions cos a(z) and sin a(z) are continuous, which yields the conclusion. |

wC R? Ul(x;)

Figure 7.6: Although the rotation angle a in
() can be chosen in each point, its
C'-regularity is a priori not clear.
However, it is given in a sufficient
neighborhood of each point. We
have seen, that the angle should be
constant there, and due to the over-
lapping of the neighborhoods it has
to be always the same constant.

Remark 7.7.2. Note that the rotation angle o has always to be constant but unconstrained, if, e.g.,
no further boundary conditions are appended. This is, e.g., provided by members of the same associate
family of minimal surfaces (i.e., it holds H = 0). The most prominent example is the catenoid and
helicoid family. More precisely, one can bend the catenoid without stretching into a portion of a helicoid
in such a way that the surface normals remain unchanged. For further examples of associate families of
minimal surfaces, we refer the reader to [42, chapter 3]. O

Now we are ready to turn to the large drill rotation case and prove our first main result.

Proof. (Proof of Proposition 7.0.1) Using the boundary condition m|,, = yol|,, Lemma 7.4.1 allows to
conclude that @Q|,, = 1 which implies sin «|,, = 0 and cos a|,, = 1. By Lemma 7.7.1 we have o = const,
so that sina = 0 and cosa = 1 on w, and consequently by the Euler-Rodrigues representation it follows

Q=1 [ |

Corollary 7.7.3. Let w C R? be a bounded Lipschitz domain. Assume that m,y, € C?(w,R?) are two
reqular surfaces and

In(z) = [Dm(@)]” Din(z) = [Dyo(2))” Dyo(x) =y (2),  nla) =nola), Vrew,

M|y = Yolva » (7.7.10)
_ _O01mxdam _ _01y0x02y0 ; : ;
where n = [0rmxoam] and ng = T0ryex D]l 7€ the respective normal fields and 4 is a relatively open,

non-empty subset of the boundary Ow. Then m = yq.

Proof. Consider the lifted quantities (Dm|n) versus (Dyg|no). It holds

0 0
T T
[Dm] Dm 0], (Dyolno)T(Dyolno) _ [Dyo] Dyo 0

0 0 |1 0 0 |1

(Dm|n)" (Dm|n) = (7.7.11)
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By assumption I,,, = DmT Dm = Dyl Dyo = I,,,, it follows from (7.7.11) that
(Dm|n)” (Dm|n) = (Dyo|no)™ (Dyo|no) - (7.7.12)
Then for all © € w there exists Q(z) € SO(3) such that (Dm(z)|n(x)) = Q(z)(Dyo(x)|no(x)). The
assumption n(z) = ng(z) gives
(Dm|ng) = Q(Dyo|no) - (7.7.13)

Multiplying both sides by es, we obtain Q(x)ng(x) = ng(x) for all € w and from (7.7.13) we obtain

Q = (Dm|no)(Dyo|ne) ™' = (Dm|ng) Cof(Dyg|no) - (7.7.14)

det(Dyo|no)
Since by assumption m, yo € C?(w,R3) and yq is a regular surface with det(Dyg|ng) > ¢* > 0 we observe
that necessarily Q € C'(w, SO(3)). Thus, we are again in the situation of Proposition 7.0.1 and the proof
is finished. ]

Proposition 7.7.4. Let w C R? be a bounded Lipschitz domain. Assume that m,yo € C?(w,R3) are
regular surfaces, Q € C*(w,SO(3)) and

Dm(z) = Q(z) Dyo(x), Q(z)no(x) =no(x), T Ew, (7.7.15)

01Y0 X 92Yo

where no = 10190 % d2yol|

denotes the normal field on yo(w). Then

Verew: sina(r)=0 or H()=0, (7.7.16)
where a : w — R denotes the rotations angle in the Fuler-Rodrigues representation of Q.
Proof. By Lemma 7.7.1, we have cosa = const and sina = const, so that taking and comparing the
mixed derivations of m we obtain Again, in view of (7.6.15), the validity of (7.7.9) implies that we have
pointwise either vanishing sin « or a vanishing mean curvature H since

0=-sina- (Z — g) (7-8.15) —2sina-H- 01yg X dayp

which implies that we have pointwise either vanishing sin o or vanishing mean curvature H. |
Remark 7.7.5 (Symmetry of the second fundamental form). Conclusion (7.7.16) can also be obtained

from the symmetry property of the second fundamental form on the surface m(w). Indeed, the normal
vector field on m(w) coincides with ng since

(7.7.15), Q€eSO(3)

(7.7.15),
(Q01y0) X (Q02y0) ~ ="~ Q0iyo x D2yo =~ 1Yo X Oayo- (7.7.17)

Thus, for the second fundamental form on m(w) we obtain

81m X 82m

Sym(2) 3 I, = —[Dm]” Dn = —[Dm])” Dnp 2" —[Dye]”Q Dng

72 [Dyo]*[(1 — cosa) ng @ ng + cos a1 + sin a Anti(ng)]” Dng

= (1 — cosa)[Dyo] no ® ng Dng — cos a[Dyo]” Dng — sin a[Dyo)” Anti(ng)” Dng
S
=0
= cos aIT, 4 sin o [Dyo]” Anti(ng) Dng. (7.7.18)
Since 1T, € Sym(2), we are again left with the single condition

sin a [Dyo]” Anti(ng) Dng € Sym(2) Ay {siha=0 or H=0}. (7.7.19)

O

Corollary 7.7.6. Letw C R? be a bounded Lipschitz domain. Assume that m, yo € C*(w,R?) are reqular
surfaces, Q € C(w,SO(3)) and

Dm(z) = Q(z) Dyo(x), Q(z)ng(x) = no(x), T Ew, (7.7.20)

01Y0 X920
[[0190 X D2y0]|

at one point yo(xo), then m(z) = yo(x) + b or m(x) = —yo(z) + b for some constant translation b € R3.

where ng = denotes the normal field on yo(w). If the mean curvature of yo does not vanish
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Proof. 1t follows from Proposition 7.7.4, that if the mean curvature H is distinct from 0 at some point
yo(zo), we must have sin a(zg) = 0. Thus, sina = 0 and cosa = 1 or sina = 0 and cosa = —1, where
the sign of cos a does not change; see Lemma 7.7.1. Thus, in the first case (cosa =1, i.e. a € 27Z), we
obtain

Q(x) (77:2) (1 = cosa)np(x) @ no(x) + 1, (7.7.21)

and a multiplication with Dyg gives

Dm(z) = Q(z) Dyo(x) e (1 = cosa)np(x) ® no(x) Dyo(z) + Dyo(x) = Dyo(x).
=0
In the second case (cosa = —1, i.e. a —7 € 27Z), we have
Q(z) (rz2) (1 = cosa)no(x) @ ng(x) —1 = Dm(z) = —Dyp(z). (7.7.22)

Remark 7.7.7. The "flipped’ solution m(z) = —yo(z) + b appears only because no boundary conditions
are present. From a mechanical point of view, this branch is irrelevant. O

Remark 7.7.8. For a C*°-embedding yg a comparable result, using involved techniques from differential
geometry, has been obtained in [1, 48]. O

7.8. Compatibility condition

For the description of a body, we assume that the body contained of a set of infinitesimal volumes
or material points, where each volume is supposed to be connected to its neighbors, without crack or
lap. Some mathematical conditions should hold which guarantees that this gap or overlap will not be
developed or happened after the deformation of the body. A body that deforms without growing gap
or overlap, is called a compatible body. In mathematical perspective, compatibility conditions are those
conditions that characterize whether a certain deformation will drop a body in a compatible state or not.
The following propositions gives a necessary and sufficient condition for compatibility of a regular surface.

Proposition 7.8.1. [Compatbility for surfaces| Let v,w € C(w,R3) be given vector fields with
rank(v, w) = 2 everywhere and assume that w is a bounded, simply connected domain. Then there exists
a regular surface m € C%(w,R3) such that

Dimn(z) = (v(x)\w(x)) . rcw, (7.8.1)
if and only if the compatibility condition
aQ’U(l‘l, .Z‘Q) = alw(:vl, 1‘2) 5 (782)

holds. The surface m is unique up to translation.

Proof. We only need to observe that (7.8.1) reads

Mie, Mlxy V] w1
maqz, M2z, = Vg W2 ; (783)
M3z, M3 2y V3 W3

if and only if
)-6) E)G) )G
mi gz, w1 ma gz, (%) ms3,zco w3
and the existence of potentials m; € C'(w,R) is guaranteed if and only if
Oav1 = O1wy Oav9 = O1w3 Davg = Oyws , (7.8.5)
which is equivalent to
Oov = Ohw . (7.8.6)

The potentials m;, ¢ = 1,2, 3, are unique up to constants. ]
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7.9. Conclusion

We have proved some improved rigidity results for C2-smooth regular embedded surfaces. The underlying
mechanical problem, namely the possibility of a pure in-plane drill rotation field as deformation mode of
a surface when boundary conditions of place are prescribed somewhere has been negatively answered, for
both small and large drill rotations, assuming some natural level of smoothness for the rotation fields.

Considering classical FEM shell formulations the drilling degrees of freedom are used to obtain a pre-
cise coupling of plane shell elements in non-plane applications, in such a way, that rotations around an
axis in the plane of one element are coupled to rotations around the normal of the neighboring element.
Since finite elements use their shape functions as interpolations, they do not obey the kinematics every-
where. Thus, incompatibilities in the shape functions may occur, but, should not get in conflict with the
convergence requirements such as the patch test and any ”torsional spring stiffness” attributed to this
pseudo-deformation mode must be regarded with extreme caution (here, the Cosserat couple modulus
te > 0). In fact, in many shell models such a stiffness is treated as a material parameter and many
very effective finite elements use incompatible kinematic fields, mainly to overcome geometric deficiencies
which may result in some kind of locking behavior. Our development suggests, however, that the fitting
of the Cosserat couple modulus u. would depend on the imposed boundary condition, i.e., how strict
drill rotations are constrained at the boundary 4 of the shell.

Then, the mentioned stiffness is a boundary value problem dependent parameter which needs to be
determined for each new problem again. Thus one should call it always a fictitious stifness and treat it
accordingly, and this applies to classical FEM-shell models and Cosserat surfaces.

However, it is remarkable that in the planar Cosserat shell model [84] existence can be shown also for
zero Cosserat couple modulus pu. = 0 [89] (for ¢ > 0 in (7.1.1) and using a generalized Korn-inequality
[83]) thus disposing completely of the above described problem. In other words, the drilling degree of
freedom is kept, but not connected to any fictitious torsional spring. While in a linear model this would
imply that the drilling degree of freedom decouples, this is not necessarily the case in nonlinear Cosserat
models based on exact rotations.
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A. Appendix for Part |

A.1. Calculations for the Tg;,: Stress tensor

Here we present the lengthy calculation related to the Thiot stress tensor in expression (5.5.18). We have

25ym(T, 5o . — Lo)no = (25ym(E ; a) + 2sym((O0[Q " e” = no)[(V2©)] ") ) mo
AT — — =0T «
= (€00 + €5 gt o+ ((00[QF "¢ = n0)[(V2©)] ™ + [(V0)] " (0[0[QF "¢ ~ no)" ) mo
=& o im0+, geno+ (010[QF "¢ = n0)[(V2©) ] Mno + [(Va©)"] T (010]Q% " ™ = no)no
e e

=0

= &7, gm0+ (0[0[QF " ¢" — no)es + [(V.0) " (0[0|QE "¢ — no) "o (A11)

= &7, gino + (@ ¢ = no) + [(V20)7 T (0]0[QE " ¢ = n0) o,
and

TT *th * —
2 SkeW(U¢h,§§,c* —13)no = (2 skew(Ewh,ai) + 2skew((0[0]Q." ¢* — 10)[(V2O)?] 1))110
= (€00 — €5 gt o+ ((0101QF "¢ = n0) (V2©)") ™ = [(V0)*] " (0[0[@E " ¢ — o) ) mo

= €7, sano+ (@27 ¢" = no) — [(V.0)"] T (0[0[Q " ¢" — no)"no. (A.1.2)

Calculating the trace of Tgiot gives

tr(sym(T = L))o = (sym(U s g1 oo — L), oo = (€ g 1) + ((010JQ2 7 ¢" = o) (V20)") ", 1) Jmo

= (&

01,08, c*
o) 7T *
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where we have used that

((O0]Q5T ¢ = no)[(V2©)*] ™, La)gaxs no = (@27 ¢* = no), noYgs no = (@ ¢ — no)no @ no .

A.2. Calculations for the homogenized membrane energy

In this part we would like to do the calculations for obtaining the minimizer separately. By inserting ¢* in the
membrane part of the relation (5.3.8), we have

Isym (@3 — 1) = lsym (@ (V1) (V20O)] " — 19)]
= lsym (@ (Vi i@’ — [Vul J0)[(V20)'] ™ +(00[@%"¢" — no)[(V.0)) 1))
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P Rer}

AT« —
= lsym €, o I + [sym((O0[@E " ¢" — no)[(V2©) )|

+2(sym e, 5e,sym((010]Q¢ "¢ = no)[(V.0)7] 7))

c )\
= llsym & o g I + llsym (L5 €L, gamo @ o — 55 (s g Jmo @ o )|
e c ’ e ’ e

He — B o1 A
+2 <sym 5v“,§5 , Sym <Mc L gw“,@lno Q ng — m tr(é‘wh,ai)ng ® n0)> . (A.2.1)
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Since, using (5.5.23) we have
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and since we have used the matrix expression £, & = (| % [0)[(V2©)"]~
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Now we continue the calculations for the skew symmetric part,

Iskew (@ (V (ny mm) 1€ (V2 ©)F 1)1
— [Iskew (@5 (V (11 1m) 2 0)[(V2©)F] 1) |2 + [Iskew ((0]0[ Q"
+ 2(skew(Q2 T (Vi ) #°10) (V2 ©)F] 1), skew((0]0[Q5 7 ¢*

hT*

(V=) )|

)[(V20)] ).
(A2.7)

In a similar manner, we calculate the terms separately. Since ng ® ng is symmetric, we obtain

T % — c
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4

*HEM g=noll”,

where we used the fact that (no® n0)2 = (no ®mno). The difficulty in the skew symmetric part of (A.2.7) is solved
in the following calculation

2(skew (@ (Vs #10) (V2 0)F] ™), skew(0]0[ Qe )(V.0)7) 1)) (A.2.9)
_s H (skew(@E" (V11 10) (V201 ), skew(€, 1emo @ o) )
— e @ (T P IO(VO) €L, o )
@ (T P (T0)] 0 910 €, )
— QT (Vi O (T0)] ) L o m0)
4 @ (T g P O(T0)] ) 0 910 €, )
(e =)

T 2
= e ) E ol
Therefore,

QT eN(V.0) 1Y) = _Mﬂg;ﬂ’ainow, (A.2.10)

2(skew(QE" (V1 nay#*|0)[(V20)] 1), skew((0]0]Q; (e £ 1)

and we obtain

ke (@ (5 1NV 00T = ke (@2 (Vg OV @) 4 T,

_ (pe —p)

(D) ||5;@5n0\|2‘ (A.2.11)

The last requirement for our calculations, is
2
[tr (sym@2" (Vianonm) #1e(V:0) " 1) )|

tr (sym((@: 7V (1@ — (V90 10)[(V20)7] 7)) + tr (sym((00[@2 " ¢" — o) [(V.0)] 7))

_ 4 (e =) (ot A 2
= (tr o100 20 +u)(<€¢’“ Q170 @no, 13) + (no @ no &, s, 13)) — YIS (&5 gz) {0 ® no, 13))

(no,no)=1
_( )+M(<5T no @ no) + (€ n ®n)))2 (A.2.12)
- \2p +/\ Cor @) T 55 ) (Eonigsrmo @m0) + (E gm0 @ 2.
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e M)






111

B. Appendix for Part Il

B.1. Regular surfaces

By a surface, we mean a map X : Q@ — R* where Q is a domain in R?. Any point of R? is written like 2 = (21, x2).
So, X maps any point 2 €  onto some image point X (x) € R®*. The Jacobian matrix of X at point x is

0X . 90X
9o @) 5o (@) (B.1.1)

DX(z) = (92, X (2), 0z, X (z)) = (
The surface X is called regular, when its Jacobian matrix at each point = € 2 has the maximal rank two.
The tangent space Tp(X) corresponding to the parameter value x is defined by

T.(X) := DX (z)(R?), (B.1.2)

is the two-dimensional subspace of R® spanned by the linearly independent vectors 8, X (z) and 9, X (z). We
can say that the surface X is regular, if it has a well-defined tangent space at all of its points.

At a regular point z, the exterior product 9, X (z) X 92, X (z) can not vanish, i.e. |0z, X (z) X 9z, X (2)| # 0,
where

102, X () 92y X (@)]| = /[0, X @) [2[022 X @) 7 = (0, X (@), 0z, X ()2 (B.1.3)

The normal vector to the surface in a neighborhood of a regular point like x is

oy X X Oz, X
no = m . (B.1.4)
Since ||no|| = 1, we may view no as a mapping of  into the sphere S? C R®
no: Q — S%. (B.1.5)
This mapping is called the normal map or Gauss map of the surface X.
Definition B.1.1. For the surface X: Q — R3, the area Aq(X) is defined by
Ao(X) = /QH(')IIX X Oy X || dz1 dza . (B.1.6)

Definition B.1.2. Two mappings X: 2 — @3 and X: Q — R® of the class C*, for s > 1, are named to be
equivalent, if there is a C®°-diffeomorphism ¢: 2 — Q such that

X=Xoop. (B.1.7)

If J, = detDy > 0, then X and X are called strictly equivalent. If J, < 0, then they are called oppositely
equivalent.

If no and 7o denote the normal vectors of X and X respectively, one can see that the normal vectors of two
strictly equivalent surfaces are equivalent,

ﬁ():’nootp. (B18)

Definition B.1.3. The linear mapping S(z): T»(X) — T»(X) of the tangent space T (X) into itself is called
Weingarten map such that for any tangent vector like V' we have

S(V) = £Vyno. (B.1.9)

The map S is called selfadjoint linear mapping on the tangent space T, (X) if the following relation holds
(SV,W) =(V,SW), (B.1.10)

for arbitrary tangent vectors V, W. Therefore, we may have the following definitions
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Definition B.1.4. Assume V and W are two tangent vectors and S is the Weingarten map. The bilinear forms
(V,W) :=(V,W), ILV,W):=(SV,W), II(V,W)=(SV,SW), (B.1.11)

are called respectively, the first, second and third fundamental form of the surface X at point x. In the case
V =W, we have

(V) =|VI|?, I(V)=(SV,V), II(V)=|SV|>. (B.1.12)

Assume that yo € C'(w,R?) is a surface. The first fundamental form of yo, I, on yo(w) in the matrix represen-

tation is

oyol®  (Oryo, ayo)

I, = (Dyo)" Dyo = (] ’ € Sym*(2). B.1.13
Yo (Dyo) Yo ((81y0,82y0> ||82y0||2 ym™ (2) ( )

Also, the following matrix represents the second fundamental form of yo

(B1yo0, O1no) <81y0762n0>)

(8290, 01m0) (D210, B2mo) (B.1.14)

I, := —(Dyo)" Dng = — (
for normal vector ng.

Remark 12. Assume that X and X are two strictly equivalent surface with the corresponding diffeomorphism
p: Q — Q with J, > 0; also assume that S and S are the Weingarten maps for X and X respectively. Then, S
and S are also strictly equivalent and

S=So0¢. (B.1.15)

In the case that J, <0, then

S=-Soop. (B.1.16)

B.2. Principal curvatures and fundamental forms

Assume that V is a tangent vector and X is the surface with point = on it. In [67], after some calculations it is
shown that the normal curvature of the curve, k., satisfies
I(V)
L= 7 B.2.1

K ) (B.2.1)
where I(V),II(V') are the values of the first and second fundamental forms of X at . In a special case that the
tangent vector V' is a velocity vector of a normal section of an embedded surface X, then the principal normal
and the surface normal are collinear which means
(v
=t B.2.2
K ) (B.2.2)

~

where x is the mean curvature of the surface X. This quotient measures the curvatures  of all possible normal
sections of the surface X at the parameter point . The sign shows that whether the principal normal of the
curve is in the same direction of the normal of the curve or in the opposite direction. We call

Iy
k1 := min{ 1) |V eT.(X),V #0}
=min{I(V) |V € To(X),L(V) = 1}, (B.2.3)
and
K2 = max{ III((“;)) |V eT.(X),V #0}
= max{I[(V) |V € T.(X),1(V) = 1}, (B.2.4)

the principal curvatures of the surface X at x. These two principal curvatures are dependent on the point . The
mean curvature of the surface X at point z is

H(z) = %(m + k), (B.2.5)

and the Gauss curvature is

K(z) = kik2. (B.2.6)
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One can see that k1, k2 are the eigenvalues of the Weinggarten map S. That is for any tangent vector V' € T, (X)
we have

SV =krV, VVeT,(X). (B.2.7)
We may choose the tangent vectors Vi, Va2 in a way that
SVi=rVi, [Vill=[Vall=1,  (Vi,V2) =0. (B.2.8)

It means that k1 and k2 are the roots of the characteristic polynomial

P(k) = det(S — k1), (B.2.9)
and therefore,
P(k) = (k — k1)(k — ko) = k* — 2HK + K. (B.2.10)
By applying the relation (0.2.25), we obtain
5% —2HS 4+ K1=0, (B.2.11)
or by using the fundamental forms,
KI-2HII+1III=0. (B.2.12)

Regarding to the sign of the Gauss curvature, we may have different definitions for a point in X (z). If K(z) > 0,
the point X (z) is elliptic point. If K(z) < 0 or K(z) = 0, then X (z) is called hyperbolic point or parabolic point
respectively.

Remark 13. Assume that X and X are two strictly equivalent surfaces with the corresponding diffeomorphism
p: Q — Q with J, > 0. Then, after holding the relation (B.1.8), we may have the following properties

F1=kKi10p, Ra=kKa0(p, i:I:Hogo7 R:Kogo. (B.2.13)

If J, < 0, then
N=—-Noop, H=-Hoyp but K=Koop, (B.2.14)

it means that the sign of K has an intrinsic geometrical meaning.

B.3. Minimal surfaces

The theory of minimal surfaces is classical and important in many branches of mathematics including the calculus
of variations, partial differential equations and geometric measures theory. As mathematical examples of minimal
surfaces, we may mention planes, helicoids and catenoids. In the nature, the shape of a soap film is approximately
a minimal surface. Geometry of minimal surfaces is useful to solve many concepts in mathematics and in many
other fields.

Definition B.3.1. [67] A regular surface X : Q — R® of class C? is called a minimal surface, if its mean curvature
function H satisfies

H=0. (B.3.1)

The mean curvature can be defined with H = %, where k1 and k2 are the principal curvatures. More details
for mean curvature will be given in the next sections.

In particular case, we have the first variation of the area function on Q at X like

dAa(X,Y) = ,2/ (Y,no)HdA, Y € C™(Q,R?), (B.3.2)
X
The product (Y,n¢) can be seen as an arbitrary infinitely differentiable function. Therefore, we will have the
following theorem

Theorem B.3.2. The first variation dAa(X,Y) of Aq at X vanishes for all vector fields Y € C*°(Q,R?) if and
only if the mean curvature H of X is identically zero.

A combination between the definition of minimal surface and the relation (B.3.2), can be the following proposition



B. Appendix for Part I1 114

Proposition 4. [67] If X: Q — R? is a minimal surface, then the equation
0Aa(X,Y) =0, (B.3.3)
holds for all Y € C*(Q,R*) which are orthogonal to the side normal of the boundary X .

Now we consider another case of surfaces. Assume that the surface X is given in nonparametric form, that is, as
graph of a function z = z(z,y). Such a surface can be described by the special parameter representation

X(z,y) = (z,y,2(z,y)), (z,y)€N. (B.3.4)

The relation

div (L) =0, (B.3.5)

VI+][Vz]?

is called the minimal surface equation in divergence form.

Proposition 5. The surface X: Q — R is a minimal surface if and only if z = z(x,y) holds in the relation
(B.3.5.)

There are some properties related to minimal surfaces and some operators, like the following theorem

Theorem B.3.3. Assume that X: Q — R3 is a regular surface of class C* with mean curvature H and the
spherical map no: @ — R®. Then

AxX =2Hng, (B.3.6)

where Ax X is the Laplace-Beltrami operator on the surface X.
As a combination of this theorem and the definition of the minimal surfaces, we will have the following corollary

Corollary B.3.4. A regular C?-surface X is a minimal surface if and only if the following relation holds

AxX =0. (B.3.7)

Assume that N: X C R® — 52 is the Gauss map of the minimal surface X and Ax and Ay are the related
Beltrami operators respectively. Then we have the following proposition

Proposition 6. If N is the Gauss map of a minimal surface X, then
Ax = |K|An, (B.3.8)
where K is the Gauss curvature and holds in relation

KI—-2HII+1II=0. (B.3.9)
Now we apply the definition of the normal vector, relation (B.1.4), in the above theorem. Hence,

Theorem B.3.5. Let X(z,y) be a regular surface of class C*(Q, R®) which is given by conformal parameters
and y, that is,

0. X|> = 0, X>, (0.X,0,X)=0. (B.3.10)

For the real valued function H(z,y) which represents the mean curvature of the surface X, the Rellich’s equation
holds if and only if

AX =2H0. X x 0,X, (z,y) € . (B.3.11)
In particular, X : Q — R? is a minimal surface if and only if

AX =0. (B.3.12)
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B.4. Conformal surfaces and properties

Definition B.4.1. Assume that
P: QR Q:Q— R¥>?, (B.4.1)

are two matrix valued functions, where Q C R?. We say that P and Q are conformal to each other, if there exists
a function p: Q — R with p(z) > 0 on Q such that

P(z) = p(x)Q(x), VreQ. (B.4.2)
Regarding to this definition, we may have the definition of the conformal surfaces like

Remark 14. We call two surfaces X and 'Y are conformal to each other if their matriz functions, respectively,
are conformal to each other.

Consequently, we can obtain that the first fundamental forms Ix and Iy of two conformal surfaces are also
conformal to each other. Therefore, for the function p: Q — R with p(z) > 0, for every = € Q, we have

Lx(U) = p(@)ly (V) (B.4.3)

where U € T,(X) and V € T, (Y).
Assume that N is the normal field of the surface X : Q — R3. Tt is proved in [p. 36][67] that,

Remark 15. A zero mean curvature surface X without focal points is conformal to its spherical image N.
Now maybe we can give a more complete definition of conformal surfaces
Definition B.4.2. Two regular C'-surfaces X: Q — R? and Y: Q* — R? are called conformally equivalent if

there exists a C'-diffeomorphism 7: Q — Q* such that the surfaces X: Q — R® and Yor: Q — Q" are conformal
to each other. And, the mapping 7 is called the conformal map of X into Y.



