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1 Introduction

My master’s thesis “A spatial stress response criterion for the stability of incremental deforma-
tions” discusses stability criterions regarding linearizations. The guiding question related to this
is whether Liu [2, 10] has found a new stability criterion for linearizations on an intermediate
configuration in nonlinear elasticity which may be better than previous ones. In addition, we
are interested in the question of what kind of ellipticity conditions result from it. Furthermore,
we want to show limits of Liu’s statements. Therefore, we will mainly refer to the sources [10]
and [2].

We start by giving a basic overview of elasticity, including important theorems for existence
theory, in order to give an insight into the topic. In addition, we derive the Euler-Lagrange
equations to find a minimum for variational problems in elasticity. Based on this, we give a brief
introduction into the topic of Null-Lagrangians. In the fourth section, we talk about lineariza-
tions in general. We refer exclusively to Liu’s arguments and transform his linearized equation
of equilibrium in the intermediate configuration and the linearized equation of equilibrium in
the reference configuration until they match. Therefore, we use three different deformations,
one affecting the intermediate configuration and two of them affecting the reference configura-
tion. After that, we use them to specify the equations of equilibrium in the reference and in the
intermediate configuration. Then we linearize both and transform them into one new equation.
Besides, we briefly point out the special case for homogeneous initial deformations.

The second main part of this master’s thesis applies the results to a specific energy function by
strictly adhering to Liu’s calculations in [2]. We also give an existence and uniqueness state-
ment like Liu does and point out which important cases he ignores, i.e. where the limits of his
considerations lie. In this regard, we also discuss Korn’s inequality in Section 5 and deficiencies
of Liu’s argumentation. Moreover, we discuss ellipticity and its connection to existence theory.
Therefore, we give verification whether a given linearized energy function in the intermediate
configuration or in the reference configuration fullfills the condition of Lagrange-Hadamard el-
lipticity and compare it to the classical concept of ellipticity. Finally, we give a brief outlook of
which questions might still be of interest in the future.
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2 Mathematical basics and notations

In the following, we introduce some mathematical basics and notations which are important for
elasticity in general and for the problem of this master’s thesis in particular.

2.1 Sets in R3*3

For further work, we define a number of sets in R3*3.

Definitions 2.1.1. The set
GL(3) == {X € R¥3|det(X) # 0}

is called the group of invertible matrices or general linear group. The group of invertible matrices
with a positive determinant is a subset of GL(3), defined by

GLT(3) == {X € R**3|det(X) > 0}.
Another subset is the special linear group
SL(3) == {X € R¥3|det(X) = 1}.
Other important sets are the group of orthogonal matrices
0(3) = {X e R¥*3|XTX =1}
and its subset
SO(3) == {X e R¥3|XTX =1,det(X) = 1},

called the set of rotation matrices or special orthogonal group. Also all symmetric matrices
depict a set, the set of symmetric matrices

Sym(3) == {X € R¥3|XT = X}
Its subset
Sym™(3) = {X e R¥3|XT = X, (Xv,v) >0 VveR*\{0}}

is the set of symmetric positive definite matrices.

2.2 Elasticity

In elasticity, we consider elastic deformations of solid bodies. These deformations are represented
by a mapping ¢ which is defined on a bounded, open, connected subset  C R?, cf. Fig.1. In
contrast to plasticity, “elastic” means that the deformed body is able to revert its shape back
to its original state after releasing inner/outer forces.

Figure 1: Deformation ¢ of a solid body with its reference configuration €2 and its current
configuration ¢(£2).
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We assume the solid body to be continuous and call €2 the stress-free reference configuration.
The deformed state p(Q2) = Q C R? is termed the current configuration. In addition, we
describe the coordinates x € €2 in the reference configuration as Lagrangian coordinates and
the coordinates ¢(x) € Q in the current configuration as Fulerian coordinates. We define the
deformation gradient as

et Orp1 O3
V= 01p2 Oapa 039 € GL+(3). (2.2.1)

O1p3 Oz 033

Furthermore, we assume that the deformation gradient V¢ satisfies
det Vo > 0 for all z € Q, (2.2.2)

since Vi needs to be orientation-preserving by definition. In particular, V¢ is invertible.
Moreover, changes of area, length and volume of §2 are governed by Cof(V)!, det Vi and V.
More precisely, Cof (V) is responsible for the change in area, det Vi for the change in volume
and Vi for the change in length. We want to illustrate these statements with some calculations;
for this we define F' := V.

The deformation gradient is responsible for change in length L, because for a vector £ € 2 we
can compute the vector’s length in the current configuration as

L(F¢) = [[F¢|| = V(FE, F&) = [ (FTFE,§). (2.2.3)

Besides for two vectors ,n € Q which describe an area in {2 we obtain || x &||. This implies
||F'n x F¢|| for the deformed area. We compute

Fiim + Fian + Fians F11&1 + Fi2éo + Fi3€3
Fnx F&E= | Fom + Faona + Fagnz | x | Fa1&1 + Faea + Fasés
F31m1 + F3amo + F33n3 F31&1 + F3280 + F3383

(Fo1m + Faona + Fogns)(F31&1 + Faaéa + F33és)
—(Fz1m + Fsoma + F33m3) (Fo1&1 + Faolo + Fsés)

(
)
(F31m + Fsang + Faans)(F11&1 + Fi2ée + Fi3&3)
—(Frim + Frang + Fizng)(F31&1 + F3é + F3383)
(

(Fiim + Frana + Fizns) (Fa1&1 + Faoéo + Fo3&3)
—(Foim + Fooma + Fasns) (F11é1 + Fiaéo + Fi3€3)

(FaoF33 — Fa3F32)(n2é3 — m3&2) + (F31F23 — Fa1F33) (0381 — mé&3)
+(Fo1F32 — F31F22)(m&2 — n261)

(F32F13 — F12F33)(n2€3 — 13&2) + (F11F33 — F31F13) (0381 — m&3)
+(F51Fia — Fi1F32)(méa — m2é1)

(FiaFy3 — FaoF13)(n2€3 — m3&2) + (FarFi3 — Fi1Fa3) (0381 — mé&3)
+(F11Fa — Fo1Fi2)(méa — m2é1)

—

—_ =

—

FooF33 — Fo3F3o  F31Fo3 — Fo1F33  ForF3e — F31Fo n283 — 1382
= | FzoFi3— FioF33 FiiFs3 — F1 i3 FaiFio — FuuFse |- | n36 — més
FioFsy — FooFi3 Fo1Fi3 — Fi1Fo3 FiiFoy — For1Fio mé&2 — n2é1
Fyy Fio Fis m &1
= Cof | Fo Fyp Fby |- n | x| &
F31 F3o  Fi3 73 &3
— Cof(F) - (5 x €), (2.2.4)

1Cof(X) = det(X)X T for X € GL(n).
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with
Fi1 Fio Fi3 m &1
F = Fgl FQQ F23 S GL(S), n = 2 ,f = fg S Rg.
F31 F3o Fi3 73 &3
Thus we obtain
[F'n x FE|| = [|Cof(F) - (n x &) (2.2.5)

and therefore, Cof (F) describes the change in area. In addition, with some transformations and
an arbitrary subset C' C €2 we get

Vol(p(C)) = /ge o 1d¢ = . 1-]det(Ve)|dn = |det(Vp)| - Vol(C). (2.2.6)

We have to consider that the last step only holds if Vi is independent of 1. Therefore, we
assume the deformation to be infinitesimal (C' to be an infinitesimal cube). Thus, det(Vy) is
responsible for change in volume.
The displacement u is defined as

w: Q=R with  u(z) = p(z) — . (2.2.7)
Hence, the relation between the deformation gradient Vi and the displacement gradient

81 (75} (92 Ul 83 (51
Vu = 81 U9 82 u9 83 u9 (2.2.8)
81 us 62 us 83 us

is expressed by the equation
Veo=1+4+Vu (2.2.9)

with 1 € GL1(3) as the identity matrix. Typically, we only know the deformation ¢ for a part
I' € 09 of the boundary and have to find the deformation of the whole body 2, see Fig. 2.

¥

Figure 2: Deformation ¢ of the elastic body €2 induced by a displacement of the boundary.

The main idea of nonlinear hyperelasticity is to describe the deformation ¢ as a solution of
a minimum problem concerning an elastic energy.
We define the elastic energy function

W:R3xR*x GL*(3) = R with (z,y,X) — W(x,y, X), (2.2.10)

which is assumed to be twice continuously differentiable. It represents the elastic energy of an
infinitesimal cube as shown in the picture below (Fig. 3).

¥
//\

o o(zo)

Figure 3: Deformation of an infinitesimal cube.
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The energy W of the infinitesimal cube at the point x¢ € (2 depends on the place g € 2
in the reference configuration, on the deformation ¢(z¢) at this point and on the deformation
gradient V(z9); higher orders of D"¢(z) are omitted. In the following, we assume the body 2
to be homogeneous, which means the elastic energy of the infinitesimal cubes should not depend
on the place. Furthermore, for a point x in an arbitrary cube in the reference configuration we
obtain

pla) = p(o + h) = (z0) + Viplao)h+ 3 DAp(ao)-(h ) + .
= o) + Veplao)h + O (Ih]?),

i. e. the position ¢(zg) in the deformed configuration only represents an “affine movement of the
infinitesimal cube” which does not change the shape of the cube. Moreover, for an infinitesimal
cube (h — 0) higher order terms O (||k||?) vanish. Thus, we can define the energy value of any
infinitesimal cube as a function

W: GLT(3) >R W(Ve(z)) = W(x, ¢(z), Vo(z)). (2.2.11)

In addition, the energy function W should be frame-indifferent, which means that a rotation
after the actual deformation X should not change the elastic energy, i.e.

W(QX)=W(X), VYQeS0(@3). (2.2.12)
Furthermore, the following standardizations may apply:
W(Ve)>0 VVpeGLT(3)  and  W(1) =0.

Thereby, for the set M = {p € C?(Q)|Vyp € GLT(3) and @I = g}, we get an energy functional
I: M—R with I(p) = / W (V) dz (2.2.13)
Q

which describes the total elastic energy of the body 2.2

Figure 4: Visualization of the energy functional () of the whole body €2 through approximation

—

with infinitesimal cubes and the energy function W.

Furthermore, a deformation has to be energy optimal, i.e. it has to minimize the elastic
energy under given boundary conditions. Therefore we get a variational problem

I(p) = / W(Ve)dz — min, ¢ € M. (2.2.14)
Q

?Note that the integral in (2.2.13) can be obtained as the limit of sums of the energies of infinitesimal cubes.
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Because of the relation between the deformation gradient Vi and the displacement field Vu in
(2.2.9), we can consider the equivalent variational problem

I(u) = / I//I\/'(]l + Vu)dz — min, uwe M (2.2.15)
Q
instead of problem (2.2.14).

2.2.1 Polar decomposition

In elasticity we deal with energy functionals which we assume to be isotropic®. For this, we need
the polar decomposition [21].

Definition 2.2.1. Let F' € GL*(3). The decomposition

F=R-U with ReSO(3),U € Sym"(3) (2.2.16)
is called left polar decomposition (Fig.5) and the decomposition

F=V-R with ReSO(3),V cSym"(3) (2.2.17)
is termed right polar decomposition (Fig. 6).

Here, R is a rotation, U is a right stretch and V is a left stretch.
Moreover, the polar decomposition is uniquely determined.

AT
~——

o
~—

Figure 6: Visualization of the right polar decomposition F' =V - R.

3 Isotropic means that the material does not have any preferred direction, i.e. applying a rotation Q € SO(3)
before the actual deformation X = V¢ should not change the energy, V@Q € SO(3): W(XQ) = W(X). Together
with frame-indifference we get ¥V Q € SO(3) : W(QXQ™T) = W(X), see Miinch and Neff in [13].
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Theorem 2.2.2 (Existence and uniqueness). For each F' € GL™(3) there exists an uniquely de-
termined left and an uniquely determined right polar decomposition. Furthermore, the rotation
R € SO(3) in both decompositions is equal.

Proof. We define B := FFT and C := FTF. Let v € R?\ {Ogs}. Then*
(v,Cv) = (v, FTFv) = (Fv, Fv) = ||Fv||* > 0
and
(v, Bv) = (v, FFTv) = (FTv, FTv) = || FT|? > 0.

In addition €T = (FTF)" = FTF = ¢, BT = (FFT)" = FFT = B, thus B,C € Sym*(3),
Now let U :=+/C and V := /B with U,V € Sym™*(3). For R := FU,

det(R) = det(F) - det(U™!) > 0 and RTR = (FU Y(FU Y)Y = U TFTFU ' =UCU! =
U~'U?U~! = 1. Hence, R € SO(3).

To show that R is identical in both decompositions we compute (FUF~1)? = (FUF~Y)(FUF~!) =
FU?F~! = FFTFFP~! = FFT = V2. Since, U? = FTF <= FTFU = UFTF and
UecSym"(3) = U~ eSym"(3), weget FUF~! = FTUFT = (FUF~1)T and

FTv_::w

(FUF~'v,v) = (UF 0, FTv) = (U 'FTo, FTv) © & (U w,w) > 0.
So, FUF~t € Sym™(3). Thus V = FUF™! <= V !=FU'F! <= FU ' =V~'F.

Finally, the polar decomposition is uniquely determined, because for Re SO(3) and for Ue
Sym™(3) with FF = RU, we find U2 = FTF = UTRTRU = U? and thus, U = U, since
U=+C e Sym" (3) is uniquely determined by the square root. In addition, R = E, because R
is uniquely determined by U. With the same arguments we get that V' is uniquely defined. W

Due to the previous theorem, we can split our deformation gradient Vo € GL™(3) uniquely
into

Vo:=F=VR=RU with V,U € Sym™(3) and R € SO(3). (2.2.18)

Moreover, as stated in the proof of Theorem 2.2.2, we can diagonalise U and V' and due to the
equality V = RUR” they have the same eigenvalues sf,s;,sg € R;. These eigenvalues are

called the singular values of the deformation gradient F'.

2.2.2 Invariants

With the help of C := FTF = U?, called the right Cauchy-Green-tensor, and B :== FFT = V?2,
called the left Cc/nichy— Green-tensor, as well as certain invariants, we can simplify our isotropic
energy function W.

“Invariant” in this case means invariant under orthogonal operations, i.e. a function

I:R¥3 5 R with B+ I(B) and B € R®*? (2.2.19)
4The inner product in R®**3 is called Frobenius scalar product, defined by (-,-) : R®*3 x R®*3 5 R with
3 3
(X,Y) = 3 3 a4ys;. It induces the Frobenius norm |-|| : R®*® — R with || X|| = 1/(X,X). For more

i=1j=1
information, see [21].
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is invariant if I(QBQT) = I(B) for all @ € O(3). In isotropic nonlinear elasticity, we define
three different matrix invariants Iy, Iy and I3 by I;: R3*3 — R

L(B) = tx(B), (2.2.20)
L(B) = % (ix(B))? — tr (B)| = tx(Cof (B)), (2.2.21)
I3(B) = det(B). (2.2.22)

For B € Sym™(3), there exists Q € O(3) with B = QT diag(\1, A2, A3)Q, where A1, Ao, A3 € R
are the eigenvalues of B. Thus

L(B) = tr(B) = tr (QT diag(A1, X2, A3)Q) = A1 + A2 + A3, (2.2.23)
IQ(B) = tI‘(COf(B)) = M2+ A A3+ Ao)g, (2224)
Ig(B) = det(B) = A A2)s. (2.2.25)

In terms of the deformation gradient F',

L(B) =tx(B) = (B,1) = (FF",1) = (F,F) = | F|%, (2.2.26)
I,(B) = % [(tr(B))2 Ctr (BQ)} — tr(Cof (B)) = tr (det(B) - B~T)

= det (FFT) - tr (BT) = det (FFT) ((FFT) " 1)

= det (FFT) (F~" (F7")" 1) = (det(F) det(F)F ", F ")

= (det(F)F~T,det(F)F~T) = (Cof(F), Cof (F))

= ||Cof (F)]|?, (2.2.27)
I3(B) = det(B) = det(F) - det (FT) = det(F)*. (2.2.28)

Note that I, I, Is > 0.
Due to Marsden and Hughes [12], isotropic energy functions can be represented in dependence
of the invariants I, I, I3,” so we can define a new energy function

W Rt xRt xRT 5 R with  W(Iy, Iy, Is) .= W(F). (2.2.29)

2.2.3 Matrix derivation

In Section 4, we will need some matrix derivatives to linearize important equations in nonlinear
elasticity. For differentiation in R, we use the Taylor series to find a derivative of a function
f:R =R, 2z~ f(x). More precisely,

fl@+h)=f(@)+ f(x)-h+0 (), (2.2.30)

where h € R indicates an arbitrary direction. Nearly the same formula applies for differentiation
in R3*3. Here, we have to distinguish between scalar valued functions 7': R3*3 — R and tensor
functions 7: R3*3 — R3*3. In these respective cases, we get

T(X + H)=T(X)+ (DT[X],H) + O (|H|]?) (2.2.31)
and

T(X + H)=T(X) + DT[X].H + O (|H|?) (2.2.32)

5Note that if we assume Fi, F> € GL+(3) with Il(Fl) = Il(F2), Ig(Fl) = IQ(FQ), Ig(Fl) = I3(F2), then the
corresponding B; and Bs are similar. Hence, Vi = +/B1 and V2 = 1/Bs are similar as well. Thus W (Fy) = W (Fb),
since we assume W to be objective and isotropic.
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for an arbitrary direction H € R3*3 where (DT[X],H) € R, DT[X].H € R**3 and O (|n]%),
O (| H||?) represent terms of higher order.

For further considerations we need the expansion of the Cofactor mapping Cof : R3%3 — R3x3
in the direction of H € R3*3, First we have to compute det(X +H) € R and (X +H)~T € R3*3,
We calculate

14 Hypy Hio His
det(1 4+ H) = det Hoy 1+ Hoy Hos
H31 Hso 1+ Hss
= (14 Hi1)(1 + Hao)(1 + Hsz) + HioHo3 H3y + HizHo H3o — Hi3(1 + Ha2)Hszy
— Ho3H3o(1 4 Hyy) — (14 Hzz)Ho1 Hyo
= (1+ Hop + Hy1 + Hy1Hayo)(1 + H3g) + HioHozH3y + HizHo1 H3o
— Hy3H31 — Hi3H31Hoo — HogH3zo — HogH3o Hyy — Ho1 Hyo — H3zHoi Hio
=1+ Hs3 + Hoo + HooH3zs + H11 + Hi1Hss + Hy1Hoo + Hy1 Hoo Hss
+ Hi9Ho3H3y + Hi3Ho1H3p — Hi3H3zy — HisHszi Hog — HozHso
— HogH3oHyy — Ho1 Hig — H3zHa1 Hyo
= 1+ (Hy1 + Hop + Hsz) + (Hi1Hop + Hy1H3zg + HyoH3z — Hi3H3y — HazH3o — HioHoy)
+ (Hiy1 HaoH3s + HioHozH3y + Hi3Hoi H3p — HaoH31 Hiz — H3zHoy Hio — H33H3za Ho3)
=1+ tr(H) + tr(Cof(H)) + det(H)

= det(1) + (1, H) + O(|| H||?). (2.2.33)
Thus
det(X + H) = det (X (1+ X 'H)) = det(X) - det (1 + X "'H)
= det(X) - (det(n) + (1, X" H) + O (| H||?))
= det(X) + det(X) (X1, H) + O (| H||?)
= det(X) + (Cof(X), H) + O (| H|?) . (2.2.34)
Now, we look at the expansion of (X + H)~7T, using the Neumann series:
Q-X)'=1+X+X?+X°+ for || X| < 1. (2.2.35)
We compute
(X+H) "= (X@+X"H) ' =(1-(-x"H)" - x!
( +(=XTH) O (JH]?) - X
- XTtHX TN+ O (|HIP) (2.2.36)
and
(X +H)T=XxT+HT. (2.2.37)
Thus

X+H) " =((X+H)") " =(xT+H)

Alltogether, we get
Cof(X + H) =det(X + H)- (X + H)™ T
= (det(X) + (Cof(X), H) + O (|H]?)) - (X" =X TH' X"+ 0 (|H|?))
=det(X) - X T —det(X) - X TH'X T + (Cof(X),H)- X T+ 0O (|H|?
— Cof(X) —det(X) - (X THX )" +det(X) (X T, H) X T + 0 (|H|?)
— Cof(X) — det(X) - (X "HX )" +tr (X 'H) - Cof(X) + O (J|H[?) (2.2.39)
for the Cofactor mapping.

=X T-X"TH"XT+0O(|H|?). (22.38)
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2.2.4 Stress tensors

In a solid body there are two types of external forces, the body force and the surface force. The
surface force acts upon every element of the body’s surface and the body force acts upon every
volume element of the body. Furthermore, there are also internal forces induced by mutual
interactions of inner parts of the body. The internal forces are the forces which lead us to define
stresses in relation to deformed bodies [11]. To understand how a stress tensor is defined, we
need to consider the concept of stress vectors.

Physically a stress vector t in a point P of an intersection is defined by

oy AF  OF
T AAS0AA T DA
with the force AF which acts upon the area AA, see Fig. 7.

t (2.2.40)

Figure 7: Visualization of a stress vector ¢ in a point P of an area AA. Source: [6, p. 71]

The stress vector ¢ depends on the orientation of the intersection through P, i.e. t = (7).
Based on mechanical reasoning it can be shown that for a body in equilibrium® the mapping
fi — t(7) must be linear, i. e. ¢() = 0.7 for some o € R3*3,

4 933

31
a3

713
023
+
o1l

X 021 012
22

X3

X2

Figure 8: Visualization of the stress tensor o.

Furthermore, the relations oy, = 7y, = T.y, Oz, = Tz = Tog, Ogy = Tgy = Tye Must hold.
Thus, we get

Ozx Txy Txz
o= | Ty Oyy Ty | €Sym(3) (2.2.41)

Tzx Tzy Ozz

with six independent components [6].
The second-order tensor” o, called the Cauchy stress tensorS, represents the stress in the current

A body is in a static equilibrium if the fundamental stress principle of Euler and Cauchy is satisfied, see [1].

"A second-order tensor is expressed by a square matrix.

8The Cauchy stress tensor is also called the true stress, because it describes the stress which is measured in
the actual deformed state.
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configuration per deformed surface and can be defined even without an elastic energy W. Note
that in the context of hyperelasticity, the existence and properties of the Cauchy stress tensor
follow from frame-indifference of the energy W and the Piola transform (2.2.43).

Other important stress tensors are the first Piola-Kirchhoff stress tensor and the second Piola-
Kirchhoff stress temsor. In the hyperelastic framework, the former is defined by

Sy(F) := DpW (F), (2.2.42)

with the elastic energy function W defined in (2.2.11), where DFW(F ) is the derivate of W
with respect to F. It represents the stress per current surface.

Furthermore, there is a relation between the Cauchy stress tensor and the first Piola-Kirchhoff
stress tensor which is expressed by the equation

o(F) = S1(F) - Cof(F)™!. (2.2.43)

In general, this relation is also called Piola transform which expresses a particular transformation
between tensors defined in the reference configuration 2 and tensors defined in the deformed
configuration () = Q. One important property of this transformation will be discussed in
Section 2.3.

The second Piola-Kirchhoff stress tensor is defined by

Sy(F) == F~18(F). (2.2.44)

While we consider many other stress tensors, as well, they are not important for the present
work, so if the reader is interested in them they can find more information in [1, 20].

2.2.5 Linear elasticity

We distinguish between linear and nonlinear elasticity. The latter was discussed in the previous
sections. In linear elasticity, we deal with infinitesimal strains, i.e. ”small” deformations. It
is used in the field of continuum mechanics. “Linear” in this case means that we consider the
relation between stress and strain to be linear. This relation is expressed by the isotropic Hooke’s
law [9]

o(e) =2pe + Atr(e) 1, (2.2.45)

where 4 and A are the Lamé (elastic) moduli and € := sym(F — 1) = sym(Vu) = 3[Vu+ (Vu)?]
is the infinitesimal strain tensor with the displacement field Vu. Together with the equation
e=¢— str(e)1+ 1tr(e) 1 = dev(e) + 3 tr(e) 1, Hooke’s law generates the equivalent stress
strain law

o(e) =2udev(e) + rtr(e) 1 (2.2.46)

for isotropic linear elastic materials, where k = w is called the bulk modulus.

2.3 Fundamental principles of functional analysis and
the calculus of variations

In addition to the previous sections, we need some fundamental principles from the field of
functional analysis. We presuppose terms like metric, metric space, norm and normed space®.

This leads us to the following definitions.

Definition 2.3.1. A metric space X in which every Cauchy sequence (x,)ncn converges to a
x € X is called complete. A complete and normed space is called Banach space.

9For repetition see [8, 22].
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Definition 2.3.2. A Banach space H is called a Hilbert space, if there exists an inner product!©
(-,-) which generates the norm on H with ||-|| = /().

Other important spaces are the Lebesgue spaces.

Definition 2.3.3. For K € {R,C}, Q C RP measurable, 0 < p < oo, A" the n-dimensional
Lebesgue measure, £P(Q) := {f : @ — K, f measurable, [, |f|P dA™ < co} and

N = {f € LP|||f|lzr = 0}, we call the quotient space LP := LP /N p-Lebesgue space with the
norm

1Flr = 1 fller = ( / |f|pdA") ! (2.3.1)

for more detailed considerations see [22].

To define certain inequalities like the Poincaré inequality and the Korn inequality!!, we need
to define the so-called Sobolev spaces as well [19].

Definition 2.3.4. Let Q C R™ be an open subset, k € N and p € [1,00]. Then we call
WkP(Q) = WEP(Q,R) == {u € LP(Q,R)| D € LP(Q) Ya e N' with |o| <k} (2.3.2)

Sobolev space with the norm

1
P
lullwrs = | D ID%ullZ, | (2.3.3)
la <k
where D%u(x) == %u@) is the weak derivative and |a| := > | ;.

Remark 2.3.5. For p = 2, we write
HF(Q) =Wh2(Q), (k=0,1,2,..),
to emphasize that W*2(Q) defines a Hilbert space, see [4].
Definition 2.3.6. Let U C R” be an open subset. The space
C5e(U) :=={v € C*°(R") : supp(v) C U compact} (2.3.4)
is called the space of test functions, where the support is defined by
supp(v) == {z € U : v(x) # 0}. (2.3.5)

Now we are able to define Sobolev spaces with zero boundary conditions.

Definition 2.3.7. Let 1 < p < co. Then
W P(Q) = {u € WhP(Q) |3 (u)),cy € C5O(Q), lu = iy — 0} € WHP(Q) (2.3.6)

is called Sobolev space with zero boundary conditions.

10A mapping (.,.): Hx H — R is called an inner product if it is linear in both of its arguments and if the
following conditions apply:

i) (u,v) = (v,u) Yu,veH,
i) (u,u) >0 Vu€H,
iii) (u,uy =0 <= u=0.

1Gee Section 2.3.3.
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Remark 2.3.8. For p = 2, we write
k,2
HE () = Wy (),
as well.

For the space WO1 (), we can specify the Poincaré inequality, see [19], which we state here
without proof.

Theorem 2.3.9 (Poincaré inequality). Let 1 < p < 0o, Q C R™ be an open bounded subset and
V C Wol’p(Q). Then there exists a constant ¢ > 0 which depends only on p and 2 but not on u
such that

lullwio@) < ¢ [Vullpr) YueV. (2.3.7)

We rewrite this inequality so that the LP-norm of a Sobolev function with zero boundary
conditions is controlled by the LP-norm of its gradient:

1
D 1
P
lllwin < e [Vulls <= | S 1D%l2, s(/ﬂ !Vu\lpdv>

laf<1

= > /QHDO‘qudV < cp-/QHVqudV

laf<1

— /Hu]pdV—s—/HVu]pdvgcp-/HVqudV
Q Q Q

— /||u|pdV§ (cp—l)-/||Vu|pdV
Q Q

= ulfy < (¢ = 1) - [Vul[L,. (2.3.8)

For the computations for example in (3.1.7) and (3.1.9), we will also require partial integration
in the multi-dimensional case. It follows from Gauf3’s theorem, which is a special case of Stokes’
theorem'? and describes the connection between the divergence of a vector field in an arbitrary
volume and the flow of this field through the surface of the volume. Furthermore, its importance
is attributed to energy conservation, shown in Fig. 9.

Theorem 2.3.10 (Gaufl’s theorem). Let V' C R™ be a subset which is compact and has a
piecewise smooth boundary. In addition, let the vector field F' be continuously differentiable on
an open set U with V. C U. Then the following equation holds:

/ div FdV = (F,m)dS. (2.3.9)

\%4 2%

Proof. See [4]. [ |
Source strength Flow

Figure 9: Principle of energy conservation.

123ee [7].
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Thus, for div (AT v) = (A, Vv) + (v, Div A) with A € R¥*3 v € R3, we find
/(DivA, vyde = —/(A,Vv> dx—i—/ div (ATv) da
Q Q Q

:_/Q<A,w> d:U—i—/ (ATv,it) da

o0

_ / (A, Vo) dz + / (v, ARi) da. (2.3.10)
Q o0

With some application of Green’s identities'?, equation (2.3.9) also applies for tensor fields T
and is given by

/DideV: T-7dS|. (2.3.11)
Q oN

2.3.1 Fundamental lemma of the calculus of variations and the Piola transform

Moreover, we need one important theorem of calculus of variations for the Euler-Lagrange
equations in Section 3.1.

Lemma 2.3.11 (Fundamental lemma of the calculus of variations). Let Q@ C R™ be an open
subset and g € LY'°¢(Q) with

/ g(z)v(z)dz =0 (2.3.12)
Q

for allv e C§°(R2). Then g(x) =0 almost everywhere in €.

Proof. First we consider the case g € C(€2). We assume the above prerequisite
Jo 9(x)v(x) dz = 0 for allv € C§°(2). Now let n € Cg°(R™), n > 0 with supp(n) = {z : n(z) # 0} C
B1(0), [gnn(z)dz =1 and n(z) = n(—=z). We choose the standard mollifier [4]

n(z) = C‘eXp(‘lelfl) Pl <1, (2.3.13)
0 : |z[>1

For € > 0, let n.(x) == e "y (£). Then supp(n:) C B:(0). If 0 < & < dist(z,dQ), then
(e +9)(@) = [ ne(o = 9)a(u) dy =0
applies for the convolution of g. Hence,

lg(x)| = lg(x) — (ne * g)(2)| = | /Qna(ﬂs —y) lg(z) —g(y)] dy| < /Q ne(x — y)llg(x) — g(y)| dy

<1-sup [g(z) - g(y)| = 0,
yeBe e—

13For an open and bounded subset 2 C R™, let u, v € C*(Q). Then
i) fQ ((u, Av) + (Vu, Vo)) dV = faﬂ(u, g—Z) ds,
i) fo ((u,Av) = (v, Aw)) AV = [, ((u, §2) — (v, §3)) dS,

with the Laplace operator A and % = Vo -n.
H1f f: Q — R is locally integrable, we define the convolution of f by

(e * f)(x) = /Q ne(y) f(y) dy = /B o OIG)ay

for x € {z € Q|dist(z,09Q) > €}.
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because ¢ is continuous in Q.
Now consider the case g € L' 1°°(Q2). Again, assume condition (2.3.12). Let v € C§°(£2), v > 0
and 0 < ¢ < dist(supp(v), d2). Then with the use of Fubini'®, and since (1. * v) € C§°(Q), the
following calculation applies:

/Q (e * 9) () v(x) da = /Q /Q ne( — ) g(y) dy v(z) dz = /Q o(v) /Q el — ) o) de dy
Z/Qg(y) (ne *v) (y) dy = 0.

Therefore, together with the first case and the properties of the convolution'®, we obtain 7, x g =
0. Thus, we get g(x) = 0 almost everywhere in €2.[4] [ |

Now we can introduce the following theorem which expresses one important property of the
Piola transform mentioned in Section 2.2.4.
We define z € Q2 C R” as an element in the reference configuration and £ = ¢(x) € Q as an
element in the deformed configuration, as shown in Fig. 10.

)

Figure 10: Piola transformation.

IBIf £ R™T™ = R"xR™ — [0, 0] is measurable, then f, == f(-,7) : R™ = [0, 00] and fs := f(z,-) : R™ — [0, o0]
are measurable. Furthermore the following equation applies

/me fdAngm = /m ( - f(z,y) d)\n(m)> dm (y) = /n < - flz,y) dAm(y)> A (2).

15The convolution 7. * f of f has the following properties [4]:
i) (ne * f) € C(Q:) with Q. == {z € Q|dist(z, Q) > €},
ii) (ne * f) — f almost everywhere as ¢ — 0,

)
iii) If f € C(Q), then (n. * f) — f uniformly on compact subsets of 2,
iv) If1 < p < ooand f € LP'°(Q), then (n. * f) — f in LP 1°°(Q).

1v
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Theorem 2.3.12 (Piola-Transform). Let 2 C R™ be bounded, open and connected. Assume that
© is a mapping which is defined on Q with @ : Q — Q and o(x) = &. Moreover, let o be a tensor
field on the deformed configuration Q and let S be a tensor field on the reference configuration
Q with the relation (Piola transformation)

S(z) = o (&) - Cof (Vzp(x)). (2.3.14)

Then'”
Div,(S(x)) = det(Vzp(x)) - Dive o (§). (2.3.15)
Proof. Together with equation (4.4.3), the Piola identity'® and & = { (1) Z ; ; , we find

[Divx S(-T)]Z = Z axj S z] = Z axj COf( ( ))]z]

;1 Oz; (0()ik) - Cof (Vaip(2))rj + (0(€) - Div(Cof (Vap()));
gjl% 0ik(€) Duye, 9(w) - det(Vaip(a)) - [Vasp(w) ], (2.3.16)
i
= gn_:l g, 0ire(§) - det(Vap(x)) - ; [Vop(@))y; - [Vae(x) "],
:i@MMMMV(D&FMt Z%W
= ZZEW» - [Dive o ()], m

"Note that
/ (Dive S(z),v(z)) do = f/ (S(z), Vou(x)) dz,
Q Q
for all v € C§°(€2) and

émma&mw%:fﬂwwwm»%

Q
for all 7 € C5°(Q).
P1,zq P1,xo P1,x3
YLet Vo = | ¢2.0, $220 9225 | and Cof(Ve)i; = Virij41 - Voirajre — Voirijra - Vira 1 with

3,21 P3z2  P3x3
all indices counted modulo 3. Then

—V@itijt2- Virajt1)

[Div (Cof(V))], = div ((Cof(V);) Z ai Cof(Ve)), Z

0
9z, (Pit1aj Pit2ain = Pittajin " Pit2,e41)

I

—

J

w |l

(¢i+1v1j+111j CPit2,ai0 T Pitlajig  Pit2,@ 0w T Pitl, X 0.  Pit2,z501 — Pitlagys ¢i+2»1j+1v1'j)

<.
Il
-

I
e

Thus, Div(Cof(V)) =
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2.3.2 Theorem of Lax-Milgram

We are mainly interested in the existence and uniqueness of a solution of a given boundary value
problem, especially of the corresponding variational problem. For this we need one of the most
important theorems in linear functional analysis, the theorem of Lax-Milgram.

Theorem 2.3.13 (Theorem of Lax-Milgram). Let £ : H x H — R be a bilinear mapping on a
real Hilbert space H with norm ||.|g and inner product (.,.)p. Additionally, let f: H — R be
a bounded linear functional on H.

If there exist constants a, v > 0 with

) Kol < g fulalels  Yewe o
it) L(u,u) > o-|ullfy Vue H,
then there exists a unique element u € H with
L(u,w) = (f,w) Vw e H. (2.3.18)
Proof. See [4, 8. [ |

2.3.3 Korn’s inequalities

Korn’s inequalities play an important role in linear elasticity. They replace the Poincaré in-
equality if it is only possible to estimate the symmetric part of the gradient of w, which is a
measure for the deformation of an elastic body. We will need these equations in Section 5 in
order to be able to make certain ellipticity statements regarding linearizations.

Theorem 2.3.14 (Korn’s inequalities for p = 2). Let Q@ C R™ be a bounded, connected subset
with a smooth boundary 0S2. Then there exist constants cg, ¢ € R such that

i) [VulZa(0, < collsym(Vu)|Zaq, ¥u € HY(S),
i)l gy < @1 (lullzg) + Isym(Vo)la@)?  Vu e HY(Q).

Furthermore, it is possible to generalize Korn’s first inequality, which is stated in ). For
example, the following generalization is applicable to elasto-plasticity at large deformations [15].

Theorem 2.3.15 (Generalization of Korn’s first inequality). Let Q2 C R? be a bounded, connected
domain with Lipschitz boundary 0 Q and let F, F~1 e CYHQ,R3*3) with det(F) > ¢ >0, c € RT.
Moreover, assume Curl(F) € C1(Q,R3*3). Then there exists a constant ¢t > 0 such that

IVu- P2 @) + F () - (V) |2agqy = ¢ ulldngg, Yu € HHQ).
Remark 2.3.16. For F' = 1 we obtain
IV + (VU)TH%%Q) > cHullfp oy Vu € Hg(9),
which is another form of Korn’s first inequality [15].

For further generalizations, see e.g. [17].
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3 Null-Lagrangians in nonlinear elasticity

This section is a preliminary chapter for the guiding question of this masterthesis, “the equiva-
lence of linearized equations of equilibrium”. To understand what we want to linearize and why,
we have to clarify what is meant by Null-Lagrangians and Fuler-Lagrange-equations.

3.1 [Euler-Lagrange equations

First we assume 2 C R"™ to be a bounded, open subset with smooth boundary 92 and a smooth
function

L:OxR" xR 5 R, (x,u,€) — L(x,u,§), (3.1.1)

which is termed Lagrangian. Now we define
I(w) = / L(z,w(x), Vw(z))dz (3.1.2)
Q

for a smooth function w :  — R” satisfying the boundary condition
w=g on Of. (3.1.3)

We consider a function v with u = g on 9 to be a minimizer of (3.1.2). Let v € C§°(Q2) be an
arbitrary function and define

f@)=I(u+tv) with teR. (3.1.4)

Then f has a minimum at t = 0 and thus the equation

F/0) = 2 1(u+ 1)l = 0 (3.15)

holds. Now we form the first variation:
F(t) = /QL(x,u+m,Vu+tw> da. (3.1.6)
Hence,
1 (®)i=o0 :/Q [(Dy L(z,u +tv, Vu+t Vv),v)re + (D¢ L(x,u + tv, Vu + t Vv), VU)gaxa] [1—o dz
:/Q<Du L(z,u,Vu),v) + (D¢ L(z,u, Vu), V) dx

B /DuL(:c,u,Vu),de_/<DiV(D£L(x7“7v“))’U> dz
0 Q

v|an=0

:/Q(DuL(x,u,Vu) — Div(D¢ L(z, u, Vu)),v) d. (3.1.7)

Therefore, together with the Fundamental lemma of calculus of variations 2.3.11, we obtain the
Euler-Lagrange-equation[4]

D, L(z,u, Vu) — Div(D¢ L(x, u, Vu)) = 0. (3.1.8)

Now we calculate the Euler-Lagrange equation for the energy functional I defined in (2.2.15).
As before, we get the Euler-Lagrange equations by forming the first variation in an arbitrary di-
rection v € C§°(§2). For M, defined in (2.2.13), let u € M. By using the dominated convergence
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theorem™” we compute

d d d
OZI(u+t-v)|t:o:/ W(Vu+t-Vv)dz ]t:(]:/ —[W(Vu+t-Vv)|dz|i=o
dt dt o, o, dt

= /ﬂ(DFW(Vu +1t-Vo),Vou)dz | = /Q<DFW(VU),V7)> dz
_ /a (0 DeW (V) do - /Q (Div(DpW (V) v) dz = — /Q (Div(DpW (Va), v) da
— Div(DpW (Vu)) = 0. (3.1.9)
Hence, the Euler-Lagrange equation in nonlinear elasticity is given by
Div[S1(F)] =0 (3.1.10)

with the deformation gradient F' := V. At this point, it is important to mention that it makes
no difference whether we consider the Cauchy stress tensor or the Piola-Kirchhoff stress tensor
to be in equilibrium, because with the properties of the Piola transformation in (2.3.15), we get

Div[Si(F)] = Div[o(F) - Cof (F)] = det(F) - Div][o(F)], (3.1.11)
where det(F") # 0. That implies
Div[S1(F)] =0 = Div[o(F)] = 0. (3.1.12)
These statements lead us to define Null-Lagrangians.

Definition 3.1.1. The Lagrangian L in (3.1.1) is called a Null-Lagrangian if all smooth functions
u: Q — R" satisfy the Euler-Lagrange-equation (3.1.8).

In elasticity, Null-Lagrangians are important because the corresponding energy functional I
in (2.2.13) with

I(u):/QW(x,go,Vgo) dz (3.1.13)

only depends on the boundary conditions [4]:

Theorem 3.1.2. If L is a Null-Lagrangian and there are two functions u, u € C?(Q, R") which
are identical on the boundary of ), i.e. u =u on OS2, then the energy functional I for u is equal
to the energy functional I for uw on the whole set, i.e.

I(u) = I(u). (3.1.14)
Proof. Like in (3.1.4), we define a function f with

f(r)y=I(tru+(1-7w), 0<7<1. (3.1.15)

197f we assume the functions {f}%>, to be integrable and fi — f and |fx| < g almost everywhere, for some
summable function g. Then

/n frdz — [ fdw.

R™
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Now,

f/(T) _ %I(TU +(1—71)u) = % /Q W(z,7u+ (1 —7)u,7Vu+ (1 — 7)Vu) dx

= /Q<D5W(w, tu+ (1 —71)u,7™Vu+ (1 —7)Va), Vu — Va)

+ (DWW (z,7u+ (1 — 7)u,7Vu+ (1 — 7)Vu),u — u) dz

=) / (— Div(DeW (2, 7u+ (1 — 7)1, 7Vu + (1 — 7)Va), u — 1)
ulsn=Tloa Jo
+ (D W (z,7u+ (1 — 7)u,7Vu + (1 — 7)Va),u — u) dz
—0. (3.1.16)

The last relation applies because with v — @ = 0 on the boundary 0f), the Euler-Lagrange-
equation (3.1.8) is valid. Thus f is constant on [0, 1|. Furthermore, for 7 = 0 and for 7 = 1, we

get f(0) = I(u) and f(1) = I(u), so I(u) = I(u). [ |
3.2 Examples of Null-Lagrangians
We want to give some important examples of Null-Lagrangians in nonlinear elasticity.

Example 3.2.1. The first one is the Jacobi determinant. Consider L(F) := det(F') with the
deformation gradient F'. We compute Div(Dp det(F')) and, together with Dp (det(F')) = Cof(F)
in (2.2.34) and the Piola-identity, obtain

Div(Dp det(F)) = Div(Cof(F)) = 0. (3.2.1)
So the Euler-Lagrange-equation (3.1.10) holds and the Jacobi determinant is a Null-Lagrangian.

Example 3.2.2. Another important example depends on the deformation gradient F' itself, in
particular L(F') := tr(F"). For this we also calculate

Div(Dp tr(F)) = Div(1) = 0, (3.2.2)
where the fist equality applies because of
tr(F+ H)=(F+ H,1) = (F,1) + (H,1) (3.2.3)
for an arbitrary direction H € R3*3. So the trace is a Null-Lagrangian as well.

Example 3.2.3. The last example we want to mention is L(F) = tr(Cof(F)). First, we have
to calculate tr(Cof(F + H)). For this we use the identity

1

tr(Cof (X)) = 3 [(tr(X))? —tr (X?)], VX e R™™, (3.2.4)
Then?°
tr(Cof (F + H)) = % [(tr(F + H))? —tr (F + H)?)]
- % [(6c(F)? + 2te(F) - te(H) + te(H)? — tx(F?) — tr(2F H) — tr(H)]
% [tr(F)? — tr (F?)] + tr(F) tr(H) — tr(FH) + % [tr(H)? — tr (H?)]
= tr(Cof(F)) + tr(F)(H,1) — <FH 1)+ 0 (|H]?)
= tr(Cof (F)) + (tx(F)1, H) — (FT, H) + O (| H|*)
= tr(Cof (F)) + (tr(F)1 — FT . H >+O(HHH ). (3.2.5)

*“For the calculation we have to consider that tr(HF) = (HF,1) = (F,H") = (FH,1) = tr(FH).
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Hence,
Dp(tr(Cof(F))) = tr(F)1 — FT (3.2.6)
and thus
Div(Dp tr(Cof (F))) = Div (tr(F)L — FT). (3.2.7)

Now, we want to show that this equality turns to zero for the two-dimensional case as well as
for the three-dimensional case. Let us start with

o1 O > 2%2
F=Voyp= c R“"“. 3.2.8
4 < O1p2  Oagpo ( )
Then
. . Or1p1 + oo 0 ) ( Orpr Orpa )]
Div (tr(F)1 — FT) =D —
i (tr(F) ) a [( 0 O1p1 + Oagpa D201 Oaipo

: Oopa  —O1p2 ) < 010202 — 02012 > ( 0 )
v < —bap1  O1p1 —010201 + 020101 0 ( )

Now, consider

dp1 Oopr D31
F=Vo=| 0ip2 Oaps O3pa | € R, (3.2.10)

O1p3  Oop3  O3ip3

We find
2?21 9; pi 0 0 Opr Orpa Ovps
Div (tl”(F)]l — FT) = Div 0 Z?:l 0; p; 0 — 82@1 82<p2 52g03
0 0 S 0 J301 0302 Osp3
Oopo + O3¢03 —01p2 —01p3
= Div —02p1 Or1p1 + 033 —02¢03
—031 —032 0101 + Oaipo
01022 + 010303 — 02012 — 03013 0
= —0102p1 + 02011 + 02033 — J30203 = 0 . (3.2.11)
—01031 — 02032 + 03011 + 030202 0

So the Euler-Lagrange equation in (3.1.10) holds for F € R?*2 and for F € R3*3. Thus,
L(F) = tr(Cof(F)) is a Null-Lagrangian.
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4 Linearisation in elasticity

In nonlinear elasticity we deal with difficult problems?!. So we want to simplify these prob-

lems. Therefore, we use the method of linearization applied to important equations in nonlinear
elasticity. First we want to define what is meant by the linearization of an equation, see also
[12].

Definition 4.0.1. Let X and Y be Banach spaces and let U C X be open. Additionally, let
f:U =Y beaC!map and let 29 € U. The linearization of the equation f(z) = 0 about zq is
the equation:

Lay(v) =0 (4.0.1)
where Ly, (v) = f(zo) + D f(zo) - v with an arbitrary direction v € X

So with the help of the linearization method, we can approximate nonlinear mappings with
linear mappings. For this reason, Marsden and Hughes call it the keylink between linear and
nonlinear elasticity.

At this point, we have to notice the connection between the previous definition and the Tay-
lor series, which is also mentioned in Section 2.2.3. For simplification, we use the linearization
method/the Taylor series about g = 1+ Vu, where u is the displacement of a given deformation
¢, which we assume to be small. For example, we can linearize equation (2.2.43) for the Cauchy
stress tensor.

But above all, we are interested in linearization of equations of equilibrium and stability. More
precisely, we are interested in the linearization of the Euler-Lagrange equation for the energy
functional I defined in (2.2.15).

With this in mind, our intention is to find out if Liu generates some new stability requirements
in [10].

He considers a back transformation of the Cauchy stress tensor to an intermediate configuration
which he calls “the (first) Piola-Kirchhoff stress tensor relative to the updated reference config-
uration”. For this transformation, he enforces incremental linear approximations. Now we want
to clarify if these approximations differ from the incremental linear approximations regarding to
the usual Piola transformation in (2.3.15) with respect to the reference configuration. First we
consider the mappings ¢: Q@ — Q' ¢': Q' — Q" and ¢: Q — Q" as illustrated in Figures 11-14.

Figure 11: Deformation ¢ affecting the reference configuration 2.

21 An example is the main problem in elastostatics, i.e. finding a deformation ¢ with ¢ : @ — R3*3 such that
Div S1(V@) + pretf = 0, where Sy is the first Piola-Kirchhoff stress tensor, pref is the mass density in the reference
configuration 2 and f expresses the body force, see [12].
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Figure 12: Deformation ¢ affecting the intermediate configuration €)'.

12

Figure 14: Multiplicative composition ¢ = ¢’ o ¢ of mappings.

Here, 2 C R" is the reference configuration, 0 C R™ is the intermediate configuration and
Q" C R™ is the final/current configuration. We employ the following notation: o: GL"(n) —
Sym(n) denotes the (constitutive) mapping F +— o(F) of the deformation gradient F' to the
corresponding Cauchy stress tensor, ¥': Q' — Sym(n) denotes the Cauchy stress tensor field
induced by ¢ on the intermediate configuration €’ and %: ©” — Sym(n) denotes the Cauchy
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stress tensor field induced by @ on ©”; more precisely,

Y (2) = o (Vo(p(2))) for all 2/ € ¢/ (4.0.2)
and S(z") =0 (Ve(a (")) for all 2" € Q". (4.0.3)

4.1 Equations of equilibrium and stability

According to (3.1.10) and (3.1.12) the homogeneous equations of equilibrium (Euler-Lagrange-
equations) for ¥ and for ¥ are given by

Divy ¥/ (2') =
Divyr 2(z”)

for all 2/ € (¥, (4.1.1)

0
0 for all 2" € Q. (4.1.2)

Now we propose the following basic stability criterion in the spatial configuration: if
i) ¢ and ¢ both satisfy the equations of equilibrium (4.1.1) and (4.1.2),
ii) ¢’ is sufficiently close to the identity mapping,
iii) ¢’ does not change the boundary of the configuration,

then ¢’ = id or, equivalently, = ¢. This condition ensures a “local uniqueness” of the
displacement boundary problem.

4.1.1 The equations of equilibrium in the intermediate configuration

In the following, we assume that ¢ and ¢ satisfy the equations of equilibrium (4.1.1) and (4.1.2).
Furthermore, we assume that ¢ and ¢ satisfy the same displacement boundary conditions, i.e.
vlon = Plaa; note that this identity can equivalently be expressed as ¢'|gy = id and implies
Q' =Q".

Due to the assumption that “¢’ is sufficiently close to the identity mapping”, we write ¢’ as

¢ (@) = 2" + h(a') for all 2’ € (4.1.3)

with h: Q" — R™. We also define H := Vh, thus

V¢'(2') =1+ H(z)) for all 2’ € (V. (4.1.4)
Note that
Va(x) =V (¢ (p(@) = Ve'(p(z)) - V() = (L + H(p(x))) - V()
= Vo(z) + H(p(z)) - V() (4.1.5)
for all z € Q.

Due to the Piola transformation in (2.3.15) and det(V¢'(2')) # 0, equation (4.1.2) can
equivalently be written as
Div,» 2(2") =0 <= Div,r [0 (VP («")))]
— det(V¢'(2)) Dlku [ (Vgo L™ )] =0
“H¢(@1)))) - Cof (Ve (2))] =0
< Divy [i(w( ) - cofvgp’(x')} =0 (4.1.6)

— Dlvx/[ (ch(
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The last equation in (4.1.6) corresponds to Liu’s boundary value problem of an elastic body in
equilibrium [10, eq. (6)], which is given by

—Div(S) = 0 on Q' x (to,t],
S-n = f on Iy x (to,t], (4.1.7)
(u,M) = g on Ty X (to,t].

Here, S denotes the back transformation to the intermediate configuration Q" which Liu calls
the (first) Piola-Kirchhoff stress tensor relative to the updated reference configuration, 7 is
the normal vector on the surface of ', u is the displacement vector relative to the intermediate
configuration and (g, t| denotes a period of time. Furthermore, 9Q' = I';UT'y, f is the prescribed
surface traction and g is the displacement which Liu assumes to be time dependent. Note that
in our case, we assume the surface traction f and the displacement g to be constant.

Now continue with relation (4.1.6). Due to (4.0.3) and (4.1.5), we get

S(a") = o (VE(@ ("))
=0 (Vo(3 ' (@") + H (p(3 (")) - Ve (571 (2"))) (4.1.8)

for all 2”7 € Q”. Thus, together with @(x) = ¢'(¢(x)), we find

S(¢'(a") = o (Ve(&™ ( (@) + H (p(271(¢'(2)) - Vo (571 (¢' (1))
=0 (Vo(p ') + H ( (@) - Vo (¢ ("))
=0 (Ve(p~ 1:’ )+ H ( (:B'))) (4.1.9)
Combining (4.1.4), (4.1.6) and (4.1.9), we find that the equation of equilibrium (4.1.2) is equiv-

alent to

0 = Divy [0 (Vp(e ' (2)) + H(z') - Ve (¢~ 1(2'))) - Cof V' (2')]
= Divy [0 (Vole ' (2))) + H(@') - Vo (¢~ (2"))) - Cof (L + H(2'))] . (4.1.10)

4.1.2 The equation of equilibrium in the reference configuration

Under the assumptions of Section 4.1.1, we now consider the equation of equilibrium in terms
of the reference configuration. Again, we employ the Piola transformation (2.3.15) to find

Div,» 2(z") =0 <= Div,r [0 (VE(F 1(2")))] =0
— det (V@(x ))-Dlvxw [0 V@(@71($/’)))} =0
<= Div, [0 (V@(e~H(@(x)))) - Cof (V@(z))] =0
— Divm[ (3(2)) - cof(w(m))} (4.1.11)
(<= Div; [S1 (V(2))]=0) .

4.2 Linearisation in the intermediate configuration

In order to linearize equation (4.1.10), we first observe that together with (2.2.39), i.e
Cof(1+X)=1+tr(X)-1- X" +0(|X|?) , (4.2.1)

we find

Cof (L4 H(a2")) = (1 +tr(H(2))) -1 — H()" + O (|H(")|?) (4.2.2)
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and thus, for sufficiently small H,
o (Voo H(2)) + H(z) - V(o' (2'))) - Cof (1 + H(a'
= |0 (Vo(e™ (@) + Do (Velp™ (@) - [H() - Vip

)

)
(¢~ (@")]

+O(IHEP) |- [+ (@) 1= HE)T +0 (JHE)P)]
=0 (Ve(p ' (2))) - [(1+tr H(z')))-1-— H(a:’)T}
+Do (Vo(p™'(2') . [H(2') - V(e (2))] + O (I H ()]) (4.2.3)

for all ' € €. The linearization of the equation of equilibrium with respect to the intermediate
configuration is therefore given by

0 = Divys [0 (Ve (@) - [(1 + tr(H () - 1 — H(2')]
+ Do (Velp™ (@) - [H(@) - Viplp™ ()] | (4.2.4)

for all ' € Q.

4.3 Linearisation in the reference configuration

Now we want to linearize equation (4.1.11). Therefore, with respect to (2.2.39), i.e.
Cof(X + H) = Cof(X) — det(X) (X "HX 1" +tr (X 'H) - Cof(X) + O (J|H|?),
we get

Cof (A + X) = Cof(A) + tr (Cof(A)TX) - AT —det(A) - ATXTAT + 0 (|X|?) (4.3.1)
= Cof(A) + tr (Cof(A)TX) - A™T — A7TXT Cof(A) + O (| X||*) (4.3.2)

for A € GL*(n) and X € R"*". So together with (4.1.5), we find

Cof (V@(z)) *Cof(V@(%') H(p(x))

= Cof(Vp(z)) + tr (Cof(V ()T H(p(x)) -
-V T Vso H(p(z))" -

= Cof(Vp(x)) + tr (det(qu
— H(p(x )) Cof(

= Cof(Vp(z)) + tr
— H(p(x))" - Cof(¥

= Cof(Vyp(x)) + tr (H
— H(p(x))" f(V@(iU))JrO(HH(SO(x))HQ)

= [(1+ 6(H(p(e))) - 1 — H(p(2))"] - Cot(Vo(a)) + O (|H(g@)IP) . (133)

—~
o
D
-+
—~
<I
/-\
\_/
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Thus, for the first Piola-Kirchhoff stress tensor we get

$1(VE(e) = S(3
=0 (VB(# >>) Cof (V(x)
4 > 00f<w< )
( H(p(x)) - V() - Cof (VE(x))
= [0(Ve(@)) + Do (Ve(a)) . [H(p(x)) - V()] | - Cof (VE(2)) + O (I1H(p(2))]?)

+ [ Do (V@) . [H(p()) - V(@) | - Cof (Vo) + O (IH(p(@)]?) . (4:34)

The linearized equation of equilibrium with respect to the reference configuration is therefore
given by

0= Div, [[0 (V@) - [(1+ tx(H(p(x))) - 1 = H(p(x))"]
+ Do (Vp()) . [H(¢(2)) - Veo()] ] - Cof (Vip(a))] (4.3.5)

for all z € Q, which (due to the Piola transformation (2.3.15)) is in turn equivalent to

0 = det(Vip(x)) - Div,y [a (Vele @) - [(L+tr(H(a)) -1~ H(a')']
+ Do (Velp™ (@) . [H(@) - Tiplp™ ()] |
= 0=Divy [0 (Ve(s™' () ) [(1~l—tr(H )1 - H(z')T]
+ Do (Vip(p' (@) . [H() - Veolp™ 1<x’>>}] (4.3.6)

for all 2/ € €. So, in conclusion, the linearized equation of equilibrium in the reference config-
uration is equivalent to the linearized equation of equilibrium in the intermediate configuration
(4.2.4). This result is also shown in Fig. 15.
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Figure 15: Visualization of previous calculations.

Moreover, equation (4.3.6) corresponds to Liu’s linearized boundary value problem [10, eq.
(7)], which is given by

—Div[trH -0 —cH" + Dpo.[HF]] = Divo on Q' x (to,t],
[trH-a—aHT—i—DFU.[HF]] i = f—o-n on 'y x (to,t], (4.3.7)
(u,@) = g on Ty x (to,t],

with the same conditions as in (4.1.7).
Remark 4.3.1. Note that in (4.3.4) we started with
S1[Ve(x)] = 81 [V (p(x)) - Vo(z)] = S1[(1+ H(p(x))) - Vo(a)]
= 51[Ve(z) + H(p(z)) - V()] .
So (4.3.5) is equivalent to
0 = Divg [S1[Ve(z) + H(p(z)) - V()]
= Div, [S1 (Ve(x)) + DrS1 (Ve(2)) [H(p(z)) - V()] + O (|H(p(x)) - Ve (z)|?)]
~ Div, [S1 (Ve(2)) + DrS1 (Ve(a)) [H(p(x)) - V()]

Furthermore, if we assume Vi to be a gradient of an equilibrium solution, the equation reduces
to

0 = Divy [DpS1 (Ve(x)) - [H((2)) - V()] (4.3.8)

4.4 Restriction to homogeneous initial deformations

If 2 — p(x) = F -z with F € GL"(n) is a homogeneous?? deformation, then the linearization
in (4.3.6) immediately reduces to

(1+trH(z")) -o(F) —o(F) - H(zT + Do (F). [H(z")-F] + 0O (HH(x’)Hz)
=o(F)- [1+tH()) -1-H@N| + Do(F). [H(z')- F] + O (|H()|?) . (4.4.1)
In the case n = 3, we get

Div,s [(1+ tr(H(2"))) -1 — H(2)7]

1+ 8x/2 ha + 6% hs —636/1 ha _835’1 hs
= Div, —8zl2h1 1+ 81/1 hi + 8m/3h3 —(9z/2h3 =0.

22 A deformation is homogeneous if the deformation gradient is independent of the place.
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The transformation also applies in the n-dimensional case,? thus,
Divy [(1+ tr(H(2")) -1 - H(2)T] =0 (4.4.2)

for any gradient field H on .
Moreover, the i-th component of the divergence of a matrix product of A, B € R™™™ can be
written as

(Div(A - B)) Zaxj A B);;

- Zazj ZAszk]
7j=1

n

= Z [(amink) - Bij + Ak - (8l"jBkj)]
7.k

Il
—

(arJAzk) Bk’] + Z Azk 8ijkj)

'MS

7,k=1 ]k 1

n n
= > (0x;Air) - Bij + Z ik (0, Bij))
J.k=1 k=1 j=1
=" (0, Air) - By + Z ik - (Div B)i
jk=1 k=1
k=1

Since F' is assumed to be constant, the linearized equation of equilibrium can therefore be stated
as

0= Divys [o(F) - [(1+tr H(z')) -1~ H@)"] + Do (F). [H(z') - F] |
— Div, [U(F) O+t H@')) -1 — H(2')T] } + Divy [DJ(F). [H(2') - F] }
= Divy [DU(F). [H(a') - F] } (4.4.4)

for all ' € V.

4.5 Application to a specific energy

We consider the energy-function
= 1
W(F):=p- §HF|]2 — log(det(F)) (4.5.1)

with the infinitesimal shear modulus p. Now, we want to find the linearized equation of equilib-
rium and subsequently the linearized boundary value problem for W with respect to previous
results. First, we define Fy := Vo, F = V¢’ =1+ H with H = Vh (see (4.1.3) and (4.1.4))
and F := V& with the relation F' = V (pop)=V¢' - Vo=F-Fy=(1+ H)Fp, see Fig. 16.

#3Because of the considerations of the Null Lagrangian L(F) = tr(Cof(F)) in Example 3.2.3, we know that
Div ((1 + tr(H)) 1 — H") = Div (Dn (tr(Cof (H))) = 0 as well.
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¢

Figure 16: Reminder: Relationships between the deformations ¢, ¢’, @ and the configurations
Q (reference configuration), ' (intermediate configuration), " (current configuration).

In order to find a formula for the Cauchy stress tensor relative to the intermediate configuration,
we compute

o(Fo) = DpW (Fy) - Cof(Fp) ™' = - B - 2F — det%FO) - Cof (Fp) | - Cof (Fp) ™
= [Fo - Cof(Fp) ™! — detzFo) '1} = #Fo) [Bo —1]. (4.5.2)

Hence,

Do (Fo).[HFy] = pu [~ det(Fy) ™2 - (Cof (Fp), HFp) - (Bo — 1) + det(Fo) ™" - (HFoFy + Fo(HFp)")]
-y [<— det(Fy) 1 Fy T, HEy) - (FoFE — 1) + det(Fp) ™ - (HFyFL + FOFOTHT)}

- det/ZFo) —(F5 T HE) - (RF] —1) + (HRFS + FyF] HT)|
- det’L(LFO) [_ tr(H) - (Bo—1) + (HBO + BoHT)} , (4.5.3)

where By := FyF{ denotes the right Cauchy-Green tensor.
Therefore, due to equation (4.2.3), the Piola-Kirchhoff stress tensor is given by

S1(F) = o(Fy + HE) - Cof(F) = [U(Fo) + Dpyo(Fy).[HFy) + O (J|H|7) } - Cof(1 + H)

= {U(FO) + (= tr(H) - (By — 1) + (HBy + BoH")) + O (HHH2)] det(14+H)-(1+H)"T

i
det(F())

= (1+tr(H)) - [U(Fo) + (—tr(H)(By — 1) + (HBo + BOHT))] -(1-H")+0(|H|?

1%
det(Fo)

=o(Fy) + # [—tr(H)(By — 1) + (HBo + BoH")] — o(Fp) - H' + tr(H) - o(Fp) + O (|| H|?)
€ 0)

= o(Fy) + (HBy+ BoH") — o(Fy) - HY + O (| H|?) - (4.5.4)

1%
det(Fo)

Thus, together we get the linearized equation of equilibrium in the intermediate configuration

0 = Div |o(Fp) + (HBy + BoH") — o(Fp) - HT |, (4.5.5)

R
det(Fo)
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which is equivalent to equation (4.2.4).
From this and together with H = Vu we obtain the linearized boundary value problem, which
is given by

— Div |: (FO) + det( o) (HBO + B()HT) — O'(FQ .HT| = 0 on Q,
[ (Fo) + det( 5] (HB() + BOHT) — O'(Fo) HT} ‘np = f on I (4.5.6)

(u,n) = 0 on Iy

u = 0 on I,

where 1}, is the exterior unit normal on Q) =Ty UT'x UT'3 and f is a constant surface traction.

This boundary value problem can be formulated as a variational problem, as Liu does for the
Cauchy stress tensor

o(F)=—pl+ 5B+ 5B} (4.5.7)

with the pressure p and constant material parameters s; and sy [2]. Let Q C R? be a smooth
bounded domain. For the displacement wu, let

Vi={uec (H(Q)>: (u,n;) =0 on Ty, u=0 on I3} (4.5.8)

Now for w € V, H := Vu and K(H) = det(F ) [(HBy + BoHT)] — o(Fy) - HT, we calculate

o:/ ~Div[o(Fy) + K(H)] - wdV
Q

2L _/ ([o(Fo) + K (H)] - 13}, w) dS+/(a(Fo)+K(H),Vw> av
9] Q

:/<0(F0),Vw> dV+/<K(H),Vw> dV — [ (f,w)dS. (4.5.9)

Q Q Iy
Thus,
/( (H),Vw)dV = /F<f, ) dS — / (Fy), Vw) dV
= /tr A(Vw)T) v = /<f, yds — /tr (Fp) - (Vw)T) dVv. (4.5.10)
I

Hence, we define a bilinear form £(u,w) and a linear form N (w) by
L(u,w) = / tr (K(Vu) - (Vw)?) dV, (4.5.11)
Q

N (w) ::/F (fyw)dS — /Qtr (o(Fp) - (Vw)T) V. (4.5.12)
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Moreover, £ and N can be written in coordinates as
L(u,w) = / tr (K(Vu) - (Vw)') dv
Q
- / (K (Vau), Vo) dV

/ZZK (V)i - (Vw);; AV

- /QZ Z [det/ZFo) [VUBO + BO(VU)T] - U(FO)(VU)T] o (Vw);; dV

3
0 u; ou; o w;
Z ™ By + Bn —2 ). ?
ZZ(@xk ij—i_ O”“Oa%) 8.7}]' v
3 3 3
3Uj 8wi
—AZZZ [U(FO)Z,C-M} r dv, (4.5.13)

awi
:/r ;fi W dS—/ﬂZEO’(FB)Zj : oz, dv. (4.5.14)

Overall, the variational problem corresponding to the boundary value problem in (4.5.6) is to
find a solution u € V such that

L(u,w) =N(w), YVwe. (4.5.15)

4.5.1 Existence and uniqueness of a solution
In the following, we will study the existence and uniqueness of a solution u to (4.5.15), i.e. to
(4.5.6) and we apply Liu’s considerations in [2] to the energy

= 1

W(F)=p- §HFH2 — log(det(F))| . (4.5.16)
If w € V is a solution of (4.5.15), then u is a weak solution of (4.5.6). This leads us to formulate
the following theorem.

Theorem 4.5.1. Let Q C R3 be a bounded Lipschitz domain. Assume that for Fy = Vo,
det( o € L>®(Q) and o(Fy), By € £°(Q,R3*3), where o(Fy) denotes the Cauchy stress corre-
spondmg to the intermediate configuration and By denotes the right Cauchy-Green tensor.

If w is a solution of the variational problem (4.5.15), i. e.

/ tr (K (Va) - (V)T) dV = / (f,w) dS — / tr (o(Fy) - (V)T dV, Vw eV
Q I Q

then u is a weak solution of the boundary-value problem (4.5.6), i. e.

~ Div [J(Fo)—%ﬁ(HBo—i—BOHT)—J(FO)-HT =0 on Q
[J(F0)+det(FO) (HBy + BoHT) — o(Fp) - HT}- n = f on I
(u,n) = 0 on T

u = 0 on Is.
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Proof. See [2]. [ |

In the following, we will concentrate on the two-dimensional case, i.e.
Vi={uec  H(Q)?: (u,7;) =0 on Ty and u=0 on Is}. (4.5.17)

For v and w € V we define the inner product
(u, w)y = / (Vuy(z), Vwi(z))ge + (Vua(z), Vwa(x))g2 dz (4.5.18)
Q
and the norm

[ully = [ Vur|l72 + || Vuzll7. (4.5.19)

At this point, we want to show briefly that these definitions really define an inner product and a
norm, respectively. We already know the Poincaré inequality, which was introduced in Theorem
2.3.9: there exists a constant ¢ > 0, such that |lul|, > € [|u||3, for all u € V. So for A € R, u,
w €V, and with the Poincaré inequality in mind, we get

) fruly = \/H)\VMH%Q + [AVug|7, = \/W2 (IVur|72 + IVu2ll32) = Al - fJullv,
i) fully=0=|lul}=0=[lulfs <0=[ulf: =0=u=0; u=0=ully =0,
i) |u+w|? = ||Vur + V|22 4 |Vug + Vws |2,
= [Vur|Z2 + [ Vua|Z2 +2- (IVur Ver || 2 + [[VuaVws| £2) + [[Vwr |72 + [[Vws] 72

< ullp +2- \/HVUNleiz +[[Vua Vs |72 + [ Vue Vr |72 + [ Vur Vaa||72 + w3
= [[ull} + 2llullv[lwlly + [lw]

2
= (llully + llwllv)
= Jlu+wly <lully + [[w]ly;

D why = /Q (Vur(2), Vior () + (Vg (z), Va () da

_ /Q (Vs (z), Vs () + (Viws(z), Vug(z)) dz

= <’LU,’U,>V,
) (wu)y =} >0,
I11) (u,u)y =0 <= ||lul|$ =0 <= u=0.

Therefore, (-, -)y is symmetric, positive definite and linear in both arguments (because (-, -)g2 is
an inner product) and hence defines an inner product, thus [|-||y is a norm on V as well.

We return to checking for existence and uniqueness of a solution u to (4.5.15) . In order to use
Theorem 4.5.1, we assume s; = m € L>(Q) and By € L*®(Q,Sym™(2)). Moreover, we
consider the Cauchy stress tensor corresponding to the intermediate configuration (related to
the energy in (4.5.16))

o(Fy) = det’(‘Fo) (By — 1) (4.5.20)

and note that the bilinear form £ in (4.5.11) is continuous on V x V and can be represented by

L’(u,w):/QA(x;Vu(x),Vw(x))dx (4.5.21)



38 Linearisation in elasticity

\];fith Alx; Vu(mﬁ),de(:v)) = —tr [o(Fp)(Vu)' (Vw)T] + m tr [(VuBy + Bo(Vu)T)(Vw)T].

E(u,u):/QA(ac;Vu,Vu)dx (4.5.22)

Now we want to examine the bilinear form £ for coercivity, i.e. we try to find a constant o > 0
with

Lu,u) > a-|luld Yue. (4.5.23)

For this purpose, it is sufficient to show the uniform coercivity of A, i.e. to find a constant 5 > 0
with

A(z; X, X) > B+ | X |J2exe Yz € (4.5.24)

First we formulate an equivalent statement to (4.5.46), for which without loss of generality?*
assume By € Sym™(2) to be a diagonal matrix

Y1 0
By = 4.5.25
o= (% 2) (4.5.25)
with the eigenvalues v, and . Then
p n—-1 0
Fy) = . . 4.5.26
*(F0) = G () ( 0 -1 > (4.5.26)

Moreover, we can divide Vu in a symmetric and in a skew symmetric part Vu = sym(Vu) +
skew(Vu) with sym(Vu) = 3 [Vu+ (Vu)?] and skew(Vu) = £ [Vu — (Vu)T]. For simpler

calculations, we define
0 d
(%0) s

sym(Vu) = < Z lc) ) and skew(Vu)

with a,b,c,d € R. We compute

a a b\ ([ a®+b ab+bc
(sym(Vu)) ( b > ( b e ) = < abtbe R4 ) (4.5.28)
)
(skew(Vu))” = ( Od 3 > ( _Od g > = ( g _OdQ >, (4.5.29)
a d —bd ad
sym(Vu) - skew(Vu) = ( b > ( 40 ) ( —ed bd ) , (4.5.30)
0 d a b bd cd
skew(Vu) - sym(Vu) = ( “d 0 > ( b e > = ( —ud —bd > . (4.5.31)

*For any By € Sym™(2) there exists an orthogonal matrix Q € O(2) with By = Q diag(v1(Bo),12(B0))Q7.
Thus

A(Q;‘; vu’ VU) == det?Fo) <Q(diag(717 72) - ]l)QT, (VU)(VU)>
+ m [<VUQdiag(’Yl7’Y2)QT7 Vu> + <Q diag(’yl,’yz)QT (Vu)T , Vu>]
= det’ZFO) [— (diag(y1,72) — 1, (V@) (Va)) + <diag(’y1,’y2), (Vva)" (va)T> + (diag(y1,72), (V@) (Vﬁ))]
= A(z; Vu, Vu)

with Vi = QTVu Q.
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Therefore,
Alz; Vu, Vu) = Ay (23 Vu, V) + As (2 Va, V) (4.5.32)

with

Ay (23 Vu, Vi) == — tr [o(Fy) - (V) (Vu) ]

e}
S

= —1tr

2 1 1 2
(Vu)? + 3 (vuT) — 5(Vu)2 +5 (Vul) )]

= —tr

((Vw)? + 29uva” + (VuT)*) + % (V) = 290 (V)" + (vuT)Q)ﬂ

((Vu)2 - (VUT)2> + i ((Vu)2 - (VuT)2>>]
= —tr [o(Fp) (sym(Vu)? + skew(Vu)?)]
+ tr [o(Fo) (sym(Vu) skew(Vu) + skew(Vu) sym(Vu))]

S I NGRS

Q
—~
31
~

+ tr O'(F())

=)@ ) - L) (74 )
+ \/%(71 —1)d* + W“W(fyg —1)d?
_ _J%(% —1) (a® + 0 — &) — \/VMW(” (B4 - ) (4.5.33)
and
Ax(@; Vu, Vu) = detl(LFO) ~tr [(VuBo + Bo(Vu)") (Vu)']. (4.5.34)
Since

By(Vu)" (Vu)" = By [sym(Vu)? + skew(Vu)?]
— By [sym(Vu) skew(Vu) + skew(Vu) sym(Vu)], (4.5.35)
Vu By(Vu)T = [sym(Vu) + skew(Vu)] By [(skew(Vu))T + (sym(Vu))T}
= —sym(Vu) By skew(Vu) + sym(Vu) By sym(Vu)
— skew(Vu) By skew(Vu) + skew(Vu) By sym(Vu)
= [sym(Vu)Bysym(Vu) — skew(Vu) By skew (Vu)]
+ [skew(Vu)Bg sym(Vu) — sym(Vu) By skew(Vu)], (4.5.36)

with Definitions (4.5.25) and (4.5.27), we get
2_(m 0\ fa b\ (abd
(= (1 w) (3 e) (50
a?+b> ab+ bc
0 ba +bc b+ c?

y1(a? +b%)  ~1(ab+ be)
y2(ba +be)  72(b? + ?)

2 (L) (%)
L))

vid
. d2 ) : (4.5.38)

(4.5.37)

By - skew( Vu

Il
o2 o
LEEN

(%
(o
(
(
(7



40 Linearisation in elasticity

[ a b vy O a b
sym(Vu) By sym(Vu) = < b e > < 0 > < b e >
_(an b\ [(a b
S\ ey b c
a?yi + b%y2  abyr + beys
= 4.5.39
< aby, +beye b2y 4 Ay > ’ ( )
B 0 d 7 0 0 d
skew(Vu)Bg skew(Vu) = ( ~d 0 > ( 0 72 > < —d 0 )
. 0 d’)/g . 0 d
S\ —dn 0 —d 0
. —d272 0
- ( 0 i, > : (4.5.40)
skew (Vu)Bg sym(Vu) = < ~d 0 > ( 0 ) < b e )
. 0 d")/Q . a b
~\—=dyn 0 b ¢
- dbys deyo
_ < e Ao > (4.5.41)
[ a b 7 0 0 d
sym(Vu)Bg skew(Vu) = ( b o > < 0 > < ~d 0 )
([ a b . 0 md
“\b ¢ —v2d 0
~( —bdva adm
_ ( e > (4.5.42)
Hence,
As(; Vu, Vu) = detl(‘Fo) (@3 + 0%z + b?y1 + P + d*q + &P + dbyg — dbyy + dbys — bdm)
1 2, 22 2 2\ _ o2 2
+ et (Fy) (71(a® + %) + 12 (0" + ) = md® — 72d”)
H 2 2 2
det(Fp) [ay1 + % (71 4+ 72) + 2 + db(ya — )] (4.5.43)
and thus,
A(z; Vu, Vu) = XTA(z) X (4.5.44)
with X = (a, c, b, d)T7 §1 = \/ﬁ and
—s1(y1 = 1)+ 2s1m 0 0 0
Alw) = 0 —s1(72 — 1) + 2817 0 0
: 0 0 2s1tr(By) — sy tr(o(Fp))  s1(y2 — 1)
0 0 s1(y2 — 1) s1tr(o(Fp))
—(m—1)+2m 0 0 0
. 0 —(r2=1) + 2% 0 0
1 0 0 2tr(Bo) — tr(o(Fp)) (v2—m)
0 0 (2 —71) tr(o(Fo))

(4.5.45)
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The positive semidefiniteness of the matrix A — 51 implies the coercivity of A,2® because for

X::(a,c,b,d)T€R4anqu:< ¢ b—ic_d>weget

b—d
(A-p51) X, X) >
= (AX,X)>p5-(X, >
= (AX,X)>p-|X]|?
= (AX,X)>pB(a*+*+b*+d°)
. aU12 8u22 aul au2 2 1 3U1 8u2 2
< A(z;Vu,Vu) > ( | | ] <ax2+ax1> +4 02y 01
ou ou 1 0u 1 0u
— 5. <\1|2+| R R Y
> 2. =
> 2 (2152 P 212 P+ R 152
zg | V). (4.5.46)

So, in order to determine whether the matrix A(z)— 1 is positive semidefinite, we fix a constant
k > 0 and take € := s;. Moreover, we define functions ag = ap(x) and by = by(z) by

ag = —2s1y/det(By), bg = 2s14/det(By). (4.5.47)
In addition, we assume det(Bp) > k > 0 and get the inequality
bo — ag = 4 s11/det(By) = 4e\/det(By) > 4eVk. (4.5.48)
Hence, the interval defined by [ag(x), bo(x)] is not empty.

Now we formulate the theorem which finally ensures the coercivity of the bilinear form £ [2].

Theorem 4.5.2. Assume det(By) > k. Let 8> 0 and d = sup,cq <t;((f(‘;3))) such that
0

Bd<2eVk (4.5.49)

and suppose that s; = m satisfies the condition

ao(z) + Bd < =251 < bo(z) — Bd V€ Q. (4.5.50)

Then there ezists a constant g = ao(sl,ﬁ) > 0 such that the matriz A(z) — 1 is positive

semidefinite in ), provided that det( ) > ag.

?51n [2] Liu assumes the coercivity of A(x; Vu, Vu) to be equivalent to the positive semidefiniteness of A(z)—31
for all z € Q. This statement is given closer consideration in the appendix.
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Proof. First, the Hadamard?® inequality implies

2
2 \/det(By) = 2 /det(Fy) det(Fp)T = 2 /[det(Fp) 2 < 2- [ /I Foes
j=1

Il
DO

2
Z‘flj‘2_2 H ‘f1]|2+|f2]’2
i=1

=2 \/’fll|2 + | f21]? - \/’f12|2 + | fa2|?
2
< ( |f11]? + \f21!2) + ( | f12]? + \f22\2)

= fu1l? + | frol® + | f21]* + | fo2]?
= (Fy, Fy) = || Fol|* = tr(By) (4.5.51)

where Fpe; denotes the column vectors of Fy and f;; denote the entries of the matrix Fp. So

d = sup,cq <t£if((jg)0)> > 2, and if [ satisfies (4.5.49), we get

B <eVk. (4.5.52)

Now we take a look to the nonzero entries of A(x):

Ann=—-s1(y1 —1) + 2s171,
Agy=—s1(72 — 1) + 25172,
A33 = 281 tI’(B(]) — tr(a(Fo)),

Azs=s1(72 — M),
A44 = tr(o‘(Fo)).

A matrix is positive semidefinite if and only if all leading principal minors are bigger than zero
or equal to zero. This statement is equivalent to

min{A; — B, (A11 — B)(Az2 — B), Ass — B, (Asz — B)(Ass — B) — A3,} > 0. (4.5.53)
Without loss of generality we assume that 1 > 5. Then
AH — ﬂ = —81<71 — 1) + 281"}/1 — 5 = (1 + 71)81 — B (4554)

So A11 — 8 > 0 holds if and only if

(L +70)s1 > 8] (4.5.55)

The required condition (4.5.50) implies this statement, because

2(1 +71)s1 = 251 4 25171 = 251 + 2511/77 > 251 + 251/7172
= 251 + 251/ det(Bo) =251 + by > BE > 20.
Tet M € R™™ and Mei, Mes, ..., Me,, denote the column vectors of the matrix M. Then |det(M)|

o eil| an et < o e;||”, with the Euclidean norm |-||; e.g. S , then |det
mo M d (det(M))* " IMe;||?, with the Euclid M € R**?, then |det(M
[Men] - [[Mez]|.

<
<
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Moreover,

(A1 = B)(Az2 = B) = [=s1(y1 — 1) + 25171 — B] [=s1(v2 — 1) + 28172 — ]
sty —1)(v2 —1) = 257 (71 — D)y2 + Bsi(yn — 1) — 2573 (72 — 1)
+ 4577172 — 251871 + Bs1(y2 — 1) — 251872 + 87
=st(en +m+y2+1)+B8s1(—1 — 2 —2) + 5°
2

S 2 s
=[5+§1(*71*72*2)} — A = -2+ (e e+ 1)

4
s 2 s
> [ﬂ + 51(—71 — Y2 — 2)} - Zl(—’h — 72 —2)°
>0
if and only if
51 2_ s 2
[ﬁ +om -y 2)} 24 m-r-2)7 (4.5.56)
This inequality is satisfied if and only if
S s
B+ 51(—71 —72—2) > 51(—71 —72—2) (4.5.57)
or
S1 S1
Bt (m=—m-2<-S(mn-n-2 (4.5.58)

Inequalities (4.5.57) and (4.5.58) can be restated equivalently as
B=>0 (4.5.59)

and

B < —s1(—y1— 72 —2)
= —f=-s1n+1r2+2) (4.5.60)
= —ﬂ > —2s81 — 81 tl"(Bo),

respectively; (4.5.59) is true by assumption and (4.5.60) implies (A11 — 3)(A2e — 5) > 0 if

|—251 < —B+s1t2(Bo) |- (4.5.61)

Furthermore,

(Azz — B) = 251 tr(Bg) — tr(o(Fo)) — B =251(11 +72) —s1(m1 +12—2) — B
= s1(71 +72) + 251 — B.

Hence, (As3 — ) > 0 if

|—251 < —B+s1t2(Bo) |- (4.5.62)

In addition,
(Agg — B) = tr(0(Fp)) —B=s1(11+12—2) =B =281 +s1tr(By) =3 >0

if and only if

|—251 > B — 51 tr(By) |- (4.5.63)
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Thus, the conditions (4.5.61), (4.5.62) and (4.5.63) can be expressed together by

‘ﬁ —s1tr(By) < =281 < —f + s1tr(By) ‘, (4.5.64)

which is similar to Liu’s condition in [2, eq.(5.13)-(5.14)].
Moreover, the interval

[B — s1tr(By), —f + s1 tr(Bo)] (4.5.65)
is not empty, because

—B 4+ s1tr(Bg) — B+ s1tr(Bg) = =28+ 2s1 tr(By) > 2etr(By) — 25
>2e-2Vk—2B8=4eVk —28
>4evk—2evVk =2eVk
=0.

Furthermore, for the calculation of (As3 — 3)(A4s— 5) — A§4 we define f1 := s17v1 and f5 = s179.
Then,

(Ass — B)(Aaa — B) — A3y = (fr+ fa+ 251 = B) (fr + f2 — 251 — B) — (f2 — 1)
=fi4 fifo—2s1f1 — Bfi+ faf1 + 3 — 2s1f2 — Bfa + 2s1f1 + 251 fo
— 457 — 2518 — Bfi — B2+ 2Bs1+ B2 — f3 +2fof1 — f1
=A4f1fa—2Bf1 —2Bfs — 457 + 32

= —ds? +4fif2 = 2B8(fr + f2) + 5?
>0

if and only if

4s7 <Afifo—2B(f1+ fo) + 5°

2 2
— —281§2\/f1f2—§(f1+f2)+ﬁ4 \% —2812—2\/f1f2—§(f1+f2)+64-
(4.5.66)

So for ag = ~2/fifo — S(f1 + f2) + % and by =2/ fufa — S(f1 + f2) + 55, we find that
(Asz — B)(Agg — B) — A3, > 0 if and only if

‘ag S —281 § bg ‘ (4567)

The last step is to show whether the derived conditions are true under the given condition in
(4.5.50) or not. Hence, we have to verify, if

B — s1tr(Bo) <ao + Ad,
bo — BES —ﬁ + 51 tr(Bo),
ag < ap+ 53,
bo — ﬁag bg.

(4.5.68)

If these inequalities apply, then all leading main minors of A — 51 are bigger than zero or equal
to zero and therefore, there exists a constant ag which depends on s; and 3, such that A(z)—(1
is positive semidefinite in 2.

Due to (4.5.51), we get

B —s1tr(By) < B — 2s14/det(Bg) < df — 2s1+/det(By) = ag + dj (4.5.69)
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and

bo — Bd = 281\/ det BO Bd < s tl" BO) ﬁE < s tl"(Bo) — Qﬁ <81 tl”(Bo) — ﬁ (4.5.70)

Moreover,
B 52 2 p
ag = s? det(By) — 551 tr(Bo) + — < —24/s7det(By) — 551 tr(Bo)

I} tr B() (*) tI‘(Bo)

 9s,\/Aet(B) |1 - B BY D, Bo) /det(B

s14/ det( 0 \/ o det Bo) s14/det(By +581 det( 0) det(Bo)

tr(B —

= —2s11/det(Bo) + 8- _tr(Bo) 4 ga (4.5.71)

v det(Bo)

with (%) /1 —2 > 1—x for all z € [0,1], and analogously

blg = 2\/ det(Bo) — gsl tr(Bo) + 572 > 2\/5% det(Bg) — gSl tI‘(Bo)

tr(By) tr(B
= 231\/det BO \/1 — = I‘ 0 > 251\/det B() ,lex/det BO)(li{it((g)
S1 0

2 s1 s1 det(Bg) BO
tr(B, —
- B& > by — pd. (4.5.72)
det(Bo)
Therefore, the inequalities hold, which concludes the proof. |

So if condition (4.5.50) applies, then A(z) — S 1 is positive semidefinite and this in turn
implies the coercivity of A.
Thus A is coercive and together with (4.5.46) the following considerations apply:

cun) = [ AV viav = 5 [ vafay =5 [ 19l + [Vl av
= D (Vw2 + IVual2a) = 2l (45.73)
D) 1|2 U2L2—2U\;- Ri N
In conclusion,
L(u,u) > a|lul? (4.5.74)
with a = g > 0. Thus the bilinear form L is coercive. Now we want to use the Lemma of Lax-
Milgram to get a unique solution u € V for the boundary value problem in (4.5.6). Therefore,

we have to show that there exists a constant § > 0 such that |L(u,w)| < 6 - ||lully ||w|y for all

u, w € V. For By € L*(Q,Sym™(2)), m € L>®(Q) and by means of Cauchy-Schwarz?’,

2TIf v is a vector space with the inner product (., .)v then

‘(Q)‘,y>|2 S <.Z‘,QZ> : <y7y> Va:,y eV.
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triangle and Holder?® inequalities, we calculate

1
.y /Q Tory (70" (V)" + B (V)" av]
1
_y/Qdet(FO V)T + Vu By, V) dV/|

1
<
/Q|det(F0 (V)T + VuBo, V) | dV

W
</ |det(F0 (V)T + Vu By - |V av

W
< [ Iqaiy | (19l + [Vu Byl - [ V| av

<o /Q <uwn IVl Boll) - [Vl aV

. /Q (1 + | Bo) [Vl | V]| AV

IN

e / |Vall|[ V] dV
Q

2 % 2 %
e </ IVl dV> -</||Vw|| dv>
Q (9]
1 1
2 2 2 2 2 2
=co [Vur||” + |[Vug||*dV | - [Vwr ||* + [[Vwz = dV
Q Q

1
= 2 ([[Vurllz2 + |Vuzllr2)? - (Vw2 + [[Vwz| z2)
=2 |ully - [[wlly (4.5.75)

IA

NG

with constants c1, co > 0. In conclusion,
|L(u, w)| <& Jully - lwlly (4.5.76)

with 6 := ¢y > 0. Thus, together with the Lemma of Lax-Milgram?® we get a unique solution
u € V for the boundary value problem

— Div [U(FO) + sty (HBo + BoHT) — o(Fy) - } — 0 on O
|: (Fo) + det(Fo) (HB() + B()HT) —o(Fp) - HT] n, = f on Iy (4.5.77)

(u,n) = 0 on Ty

u = 0 on I,

stated in (4.5.6).
Liu’s argument for the existence and uniqueness of a solution of this linearized boundary value
problem seems to be conclusive at first glance, but at this point we have to take a closer look
at the condition

ao(z) + Bd < =251 < bo(z) — fd Vz € Q

*Let 1 <p<oowith 1 +1 =1andlet f € L?(Q), g € L%(Q). Then fg € L'(Q) and

Ifgllcr < W fllee llgllza.

29Gee Section 2.3.2.
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n (4.5.50). If By is constant, i.e. the eigenvalues y; and 7, do not depend on x € , then the
above condition is equivalent to

_ tr(Bo) o tr(Bop)
2s14/det(By) + 5 W < 2s1 < det(By) — 3 \/M
+ +
— 2det( ) det(BO):r B %ijz < —2det(FO) < det(F 3 /det( BO+ B 717112
_ J1T7v2 _ M y1T2
— 2p+ P Vi < 2Fm < 2p =B 50 NG
y1T7y2 M Y12
A —2ptBAes < 25w < 20 =B A
i.e.
Bn+mr) < -2 M(+ 2u\/7)m (45.78)
2u(vAim-1 5.
— p < Y72
and
Bn+) < 2puy/Mz+2p
2;1(1/7172—&—1) (4579)

— B < Y1+72

Let By := A-1, A > 0. Then the above conditions are in turn equivalent to

8 < 2’”‘(;;1) [ <1 - i) (4.5.80)
and
8 < (;A“) 4 <1 + i) (4.5.81)

Thus the first condition only applies for A > 1. Otherwise, if A < 1 then g is strictly negative.
This would be a contradiction to the assumption S > 0, which means that Liu excludes both
compression and the identity. However, homogeneous compressional states as well as the identity
play an important role, for example, in the engineering sciences.
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5 Deficiencies of Liu’s argumentation

Now we want to show explicitly that Liu’s pointwise considerations are not sufficient. For this
we focus on the Saint- Venant-Kirchhoff type energy, which is given by

W(F) = ||FTF — 1) (5.0.1)
With the chain-rule, and for an arbitrary direction H € R3*3, we get
DpW(F).[H)=2-(F'F —1,FTH + HTF). (5.0.2)
Hence
DIW(F).[H,H]=2-(FTH+ H"F,FTH+ H'F) + 4. (F'F -1, H"H)
=2-(2-sym(FTH),2-sym(F"H))+4-(F'F—1,H"H)
=8 |lsym(FTH)|>+4-(F'F-1,H"H). (5.0.3)
First of all, we use Liu’s approach to show the coercivity for the given energy function W. We

have seen that the assumptions in Liu’s theorem 4.5.2 exclude compression and the identity, so
we assume F' = X\ -1 with A > 1. Thus, for Q € O(3) we obtain

D}W(F).[H,H] >4-(FFT —1, HTH) = 4 (Q" diag (FF" —1) Q, HTH)
=4 (diag (FF" - 1) Q,QH"H) =4 (diag (FF" —1) QH",QHT)
>4 Ain (FFT = 1) |QH|? =4 - Auin (FFT — 1) [|H|?
=4- (N -1) |H|* (5.0.4)

Consequently,

() = /QD%/W(F) Vo, Valde > 4- (A — 1) [Vl 2
=c-||Vul2, (5.0.5)

with c=4- (A —1) > 0.
But if we assume 0 < A < 1, then Liu’s argumentation does not provide coercivity. In this case,
we need Korn’s inequality in an expanded version. First we take a look at the part

8- sym(FUH)|? = 8- || (F"H + H'F)| =2 | F"H + H"F|]?
=2 (|[FTH|*+2-(FTH,H"F) + |H"F|*)
=2.(2-|H'F|*+2-(F'H H"F))
=4 |HTF|? +4-tr ((HTF)Q). (5.0.6)
For A € R¥3, and with Adj(A) := Cof(A)T, the Caley-Hamilton theorem yields®’
A3 —tr(A) - A% +tr (Adj(A)) - A — det(A) -1 = 0. (5.0.7)
This in turn is equivalent to
A? —tr(A) - A+ tr (Adj(A)) - 1 —det(A) - A~ = 0. (5.0.8)
Moreover, by applying the trace operator, this equation implies

tr (A%) — tr(4)% + 2 - tr (Adj(A)) = 0. (5.0.9)

39For additional steps, see the Appendix.
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With this in mind we get
4| HTF)2 +4-tr <(HTF)2) =4 |HTF|? +4- [tr (HTF)? = 2 tr (Adj (HTF))]
—4-|H"F|> +4-tr (HTF)* -8 - tr (Adj (H"F))
>4 |HTF|? -8 tr (Adj (H'F)). (5.0.10)
So with integration,

/Q 8-tr (Adj (H'F)) dz =8 /Q (Adj (HTF) ,1) d=

=8- / (det (HT) det(F)H TF1,1) dz
Q

:8-/ (Adj(H),det(F)F~1) dx
Q

—8-det(F)/ (Adj(H)T, F~T) da. (5.0.11)
Q

Furthermore, F' = Vo = X - 1 is invertible and V¢ = F~! = % -1 = (V)T is a gradient, too.
Moreover, we assume u € C§°. Thus, together with the Piola identity, equation (5.0.11) reduces
to

8 - det(F) /Q (Adj(H)T,F~T) dz =8 - det(F) /Q (Div (Adj(H)") ) da

8- det(F) / (Div (Cof(H)) , ) dx
—0. ) (5.0.12)
Hence
- sym(FTH)? > 4 |HTFIP > 4- Auin(FFT) - [HI? = 4 X2 H|. (50.13)

In conclusion,
L(u,u) >4-N2|Vul2, +4 / [(FTF, (Vu)'Vu) — (Vu, Vu)] dz
Q

> 4 X Vuld 44 [ Gun(ETF) ~ 1) [Val do
Q

=4 N||Vull7z +4- (A = 1) [|Vul|72
=42\ = 1) |Vul/2
=ct ||Vl 2, (5.0.14)

with ¢t =4 (2/\2 — 1) > 0. Therefore, with the same further considerations as in Section 4.5.1,
there exists a unique solution for the boundary value problem in (4.5.15) for the Saint-Venant-
Kirchhoff energy and for the case F' = A - 1.

At this point, it should be noted that the constant ¢* is positive only if \ > % This is due to
the fact that this model is generally not suitable for compression.

Thus Liu’s approach is not generally applicable, but with the help of Korn’s inequality we still

get the uniqueness of the solution u for the boundary value problem for all A > %
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6 Ellipticity conditions and convexity

For energy functions W defined in (2.2.11), there exist different notions of ellipticity and convex-
ity conditions. They are important for the existence of a solution of the variational problem in
(2.2.15). For convexity, we normally concentrate on polyconvezity, quasiconvezity and rank-one
convezity, which are defined as follows.

Definition 6.0.1. W is polyconvez if there exists a convex function P : R3*3 x R3*3 x R — R
such that W(F) = P(F, Cof(F'),det(F)).

Definition 6.0.2. W is quasiconvez if for all Q C R3, F € R¥3 and v € C5°(€2) the following
inequality holds:
W(F) 19| = / W(F)dz < / W(F + Vo()) da. (6.0.1)
Q Q
Definition 6.0.3. W is rank-one convez if the function f : R — R with flt) = W (F+t-(E®n))
is convex for all F' € R3*3 with &, n € R3.

Furthermore, there is a connection between these properties:
convexity == polyconvexity = quasiconvexity = rank-one convexity,

see [3]. Dacorogna shows in [3] that the reverse implications are false3!. Furthermore, rank-one
convexity is equivalent to Legendre-Hadamard ellipticity.

Definition 6.0.4. W is (Legendre-Hadamard) elliptic if there exists a positive constant ¢t € R
such that

D*W(F).[¢®@n, @] > ctl|E]?n])? (6.0.2)
for all F € R3*3 and ¢, n € R3.32

Moreover, Dacorogna gives existence theorems for quasi- and polyconvex functions.
With all this in mind, we notice that if W is not rank-one convex or elliptic, it is also not qua-
siconvex and not polyconvex. Consequently, we know nothing about existence of a solution. So
rank-one convexity is a necessary criterion in order to apply classical methodes for minimization
of the energy functional in (2.2.15) or, like it is said in [16]:

“[...] it is just what is needed for a good existence and uniqueness theory for linear
elastostatics and elastodynamics.”

Thus, in the following we focus on (Legendre-Hadamard) ellipticity.

6.1 Ellipticity conditions for linear problems

Now we want to investigate if the energy function
— 1 )
W(F) = | SIFII” — log(det(£))

used in section 4.5.1 fulfills the condition of (Legendre-Hadamard) ellipticity. For this, we will
refer to previous results from Sections 4.2 and 4.3.

31 At this point we have to mention that the connection rank-one convex 4 quasikonvex is only shown for n > 3,
see [3]. , ‘

32The operator ® defines the tensor product: Let &, n € R?, then £ ® n € R**3 and £ @ n = £ - nT. For the
tensor product’s properties see [14].



Ellipticity conditions and convexity 51

¥

Figure 17: Reminder: Relationships between the deformations ¢, ¢’, ¢ and the configurations
Q (reference configuration), ' (intermediate configuration), " (current configuration).

We start with considerations on the intermediate configuration 2. First we have to figure
out the weak form of the linearized equations of equilibrium

0 = Divys [0 (Ve (@) - [(1 + tr(H (")) - 1 — H(2/)"]
+ Do (Velp™ (@) . [H(@') - Vil @))] |, (6.1.1)
stated in (4.2.4). For v € C§°(Q) with Fy = Vy and H = Vu we get

0=— / <Div$/ [U(Fo) N+ tr(H)) -1 — H'] + Do(Fp). [HF },v/> da’
P.I
=
= / <U(F0) : {(1 + tr(Vu)) - 1 — (Vu)T} + Do (Fy).[Vu - Fy), Vv’> dz'. (6.1.2)

=ZC(F0).VU

(o(Fy) - [(1+tx(H)) -1 — HT| + Do(Fy). [HF,],Vv') da’

So we obtain a bilinear form A : C°(Q') x C>®(Q') — R for u € C*(Y') and v' € C§°(Q') with
A(u,v') = [ (C(Fy).Vu,Vv') dz’ = 0. (6.1.3)
Q/

To determine whether W satisfies the ellipticity condition
(C(Fo).H,H) >c-||H|? (6.1.4)

regarding the intermediate configuration for Vu = H = ¢ ® n with &, n € R? and a positive
constant ¢ > 0, we have to compute C(Fp).H. For this we need the linearized equation of
equilibrium in the intermediate configuration with respect to the energy function W. It is
stated in (4.5.5) as

0 = Div [a (Fo) + (HBy + BoH") — o (Fp) HT]

R
det(Fo)

= Div |:det/ZFO) (HB() + BOHT) —0 (F()) HT:| 7
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where the last step applies because we assume F{jy to be the gradient of an equilibrium solution,
see Section 4.1 . Hence, with equation (4.5.2) we have to estimate

_ H
det(Fo)

(HBy+ BoH" — (By — 1) H' , H)

= det’ZFo) (HBy+ H”, H) (6.1.5)

with H = £ ®n), &, n € R3. Together with the requirement det(Fp) > 0 and Yumin(Bo) the lowest

eigenvalue of By, we get3
T (€@ Bo o) @)
= qumy (€@ Bo €om + (€an”  con)]
= Jetcry €I (Bon, )+ €
=2 gy P (Bon, )]
> 2ty eI min (o) [0]]
= <Ml ) (6.1.6)

with a positive constant ¢ = m - Ymin(Bo) € R.

So the energy function W satisfies the ellipticity condition with respect to the linearization on
the intermediate configuration as well.

Now we try to do the same calculations on the linearized equation of equilibrium regarding the
reference configuration

0 =Div, [[7 (Volw)) - [(1+ tx(H(p(@)) - 1~ H(p(x))"]
+ Do (Vp(@)) . [H(p(x)) - V()] ] - Cof(Vip(a))]. (6.1.7)

stated in (4.3.5). The weak form of this linearized equation for v € C§°(Q) with Fy = Vi and
H = Vu is given by

0= —/ <Divm [[a (Fo) - [(1+ te(H)) -1 — HT] + Do (Fo) . [HF)] - Cof(Fo)},v> do
Q
= / [0 (Fo)- [(1+tr(H)) -1 — HT] + Do (Ry) . [HF)]] - Cof(Fp), Vo) da
Q
- / <[0(F0) [(1 +te(Vu)) -1 — (vu)T] + Do (Fy).[Vu - Fo]} - Cof(Fp), vv> de.  (6.1.8)
Q
At this point, we observe that we cannot proceed as we did before, because u is a mapping on
Q' and v is a mapping on 2. Instead, in order to establish a variational problem on €', consider
the function ¥ : Q' — R? with 9(p(x)) == v(x) for any given v € C§°(Q2). Then

Vu(z) = V[o(e(z))] = Vi(e(z)) - Ve(z) = Vo(e(z)) Fo
33For By and (£ ® €) € R**3 the following equation holds:

<BO£7£> 2 'Ymin(BO) : ‘|£||27

see [14, cor. 12].
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thus we obtain the bilinear form
(4, 7) / <[0(F0) [(1 +tr(Vu)) -1 — (vu)T] + Do (Fy).[Vu - FO]} - Cot(Fy), V7 - F0> da
Q
and thus, for H = Vu = Vv, we obtain the quadratic form given by the expression

/Q {[o(Fo) [+ tx(H)) -1 — H'| + Do (Fy).[HFy]] - Cof(Fy), HFp) da. (6.1.9)

Therefore, in order to determine whether W satisfies the ellipticity condition regarding the
reference configuration, we have to find a lower bound for (6.1.9). For this, we need the linearized
equation of equilibrium in the reference configuration regarding the energy function /V[7, which
is given by

0 = Div Ka (Fo) + (HBo + BoH") — o (Fp) HT) : COf(Fo)]

i
det(Fo)

. %
= Div |:<det(F0) (HB() + BOHT) — o (Fp) HT> . Cof(Fo):| . (6.1.10)

Hence, we have to find an estimate for the inner product

<[ u (HBO‘FB()HT)_U(F())HT].Cof(FO)’HFO>

det(Fo)
= detl(LFO) ([HBy+ BoH" — (By — 1) H"] - Cof(Fy), HFy)
= det(Ry) <[HBo + HT] - det(Fp) -FO—T,HFO>

= (HRF] Fy "+ HTFy ™ HFy)
_y <HF0 +HTF;T, HF0> (6.1.11)
for HFy ==& ® 1 with &, 7 € R3. Due to H := HFy <= H = HF; ', we get
y <HF0 +HTF;T, HF0> —pllc@ncon) +(HT H))
= [<£®777£®77> + <F6T(€®H)Ta(£®n)F61>}
= € Inll? + - { (5 ™n) @ &€ @ (F5 "))
= - el Inll> + - (5 " €)

> - 1€l - llmll?
=t el - lnli? (6.1.12)

with a positive constant ¢* =y € R.

Now we want to compare this result with the classical concept of ellipticity. First we have
to linearize the classical Piola-Kirchhoff stress tensor. Then we take a look at its equation of
equilibrium and especially to the weak form of the equation like we have done before.

For the equation of equilibrium concerning the linearization, we find

Div [Sl(Fo n fl)] —0 < Div [Sl(Fo) + D, S1(Fp). [Iﬂ +0 (||ﬁ||2)} —0

— Div [Dposl(Fg).[ﬁ]} = 0. (6.1.13)
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Thus with partial integration and v" € C§° (') we get

0= —/Q <Div [Dposl(Fo).[fI]} ,v> da 2 /Q <DF051(F0).[ﬁ],vv> dz. (6.1.14)

Now we have to calculate the first Piola-Kirchhoff stress tensor with respect to the given energy
function W:

_ 1 _
S1(Fo) = DR W (Fo) = - Foy = - g - Col(Fo) = o Fo- BT (6.1.15)
Hence
~ ~ ~\ =T
S1(Fo+ H) = p [F0+H (F0+H) ]
:,u-FO—{—,u-ﬁ[—,u-F(;T—F,u-FgTﬁITF(;T—i—O<||I§H2>
= S1(Fo) + p [f{r + FngITF(;T} +0 (HfiH?) . (6.1.16)
Consequently,
Dr, Sy (Fo).[H] = [ﬁ[ + F(;TﬁfTF(;T} . (6.1.17)

Therefore, we have to estimate
<DF051(F0).[ﬁ], ﬁ> (6.1.18)

for H = § ®@n. At this point we notice that we simply have to repeat the same estimates as in
(6.1.12), since in direction H = H Fy we get

( DSy (Fo) (), B = o (H + Fy THTF;T ) = p(HFy + By TR HT By T HE)
— <HF0 +HTF; T, HF0> .
That is just what we expected from equation (4.3.8). Thus, together with (6.1.12) we obtain
(DpS1(F).[€@mn),E@n) =" - |&l* - [In]?

with a positive constant ¢ = p € R, as well.

Remark 6.1.1. If we assume the deformation to be purely volumetric, i.e. By = A\-1 € Sym™(3)
with A € Ry, the constant ¢t in (6.1.6) reduces to

+ H e

~ det(Fp) Ymin(Bo) = Vdet(Bg) VA VA

Furthermore, in the two dimensional case we get

c+—”m-u—\/§~u—u. (6.1.20)

So in both (6.1.6) and (6.1.19) we obtain the same positive constant ¢ = ¢t = p.

pA HA _H (6.1.19)
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7 Outlook

We demonstrated that Liu did not find a new stability criterion regarding linearization in [10],
so it does not matter whether we use the linearized equation of equilibrium in the reference or in
the intermediate configuration. And indeed, all linearized equations in whatever configuration
are equivalent. Moreover, he only considers the 2-dimensional case for application, and even
there still rules out cases like uniform compression and the identity [2]. As mentioned before,
the identity in particular is an important case for linearization. Moreover, Liu does not even
clarify that he ignores theses cases.

It is also important to note that Liu does not emphasize clearly that he means different constants
when he discusses the equivalence of coercivity and positive semidefiniteness in Section 4.5.1 in
the given context, see the Appendix. Furthermore, for his pointwise considerations and with
respect to his exclusion of compression and identity he does not need Korn’s inequality, but as
we have shown we cannot generally neglect it.

In summery, there are many additional things which should be investigated in the future. What
about the 3-dimensional case? Do Liu’s considerations also apply there? And what would
happen if we do not look at a volumetric inflation with F' = A - 17 Are Liu’s Theorem 4.5.2
and his conclusions still valid? Finally, are we able to apply his considerations to other energy
functions?
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A Appendix

A.1 Coercivity and positive semidefiniteness

In [2], Liu defines the coercivity of A for an arbitrary constant § > 0 with A(z; Vu, Vu) >
B - ||Vul|? and asserts that this in turn is equivalent to the positive semidefiniteness of A — 1
for all z € (2. At this point, it is not clear whether he means the same constant 8 > 0 or another
arbitrary constant 5 > 0. Assuming he means the same constant (3, his assertion does not hold
in general, as we will show in the following.

20

0 2 . Then

Let v1 = 72 = 2, so that By = < > In addition, choose p = v/2 and X =

= o o O

Vu = ( _01 é ) Thus, we get || X2 =1 and ||Vul]? = 2.

Before we continue with the counterexample, we take a closer look at the constant 8. We know
that 8 is bounded below by zero (5 > 0). Now we would also like to indicate an upper bound
such that A — g1 is semipositive definite.

For 71 = 9 = 2 we calculate

3s1—f3 0 0 0

_ 0 251 —f3 0 0

A—pi1= 0 0 8s1 —2s2 — 3 0
0 0 0 252 —f8

3
NG (3) 0 0

= 0 7 0 0 (A.1.1)
0 0 4/2-1-5 0
0 0 0 1-p

Now the eigenvalues have to be bigger or equal than zero. Hence, the following inequalities have
to apply:

3 3
I BB 20 = 5 <
I 4/2-1-8 > 0 <= B < 4/2-1 (A.1.2)
111 1-06 > 0 = g < 1.

Thus 3 is bounded above and we can choose 8 := 1 > 0. So for B = 1, A — 81 is positive
semidefinite, i.e. X7 (A — B1)X > 0. Hence,

A(z; Vu, Vu) = XTAX =1<2=1-||Vul|?> =3 ||Vu|]?,

which contradicts the claim that A(z; Vu, Vu) > - [|[Vu|? for the same constant 3 > 0.
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A.2 Caley-Hamilton

The Caley-Hamilton theorem tells us that each square matrix is zero of its characteristic polynom

ail a1z a13
[18]. So for A= | as1 a2 as3 | € R¥*3 and X € R, we get

az1 asz2 as3

aip — A a2 a3
0= det(A - )\Zﬂ.) = det a1 a9 — A ass
asi asz  azz— A

= (a11 — A)(a22 — A)(a33 — A) + a12a23a31 + a13az1a32 — azi(ag2 — N)aiz — azzazs(air — A)
— (azz — N)az1a12
= (a11a22 — @11\ — age X + A?)(asz — A) + a12a3a31 + a13a21a32 — a31a22a13 + az1a13A
— a32a23a11 + A32a23\ — a33a21a12 + A21012A
= a11a22a33 — a11a22\ — a11a33\ + a11A’ — az2a3zA + azeA® + agzA’ — A + arzas3a3)
+ a13a21a32 — a31a22a13 + 31013\ — A32a23a11 + 32023\ — A33021a12 + A21A12A
= -4 (@11 + a2 + a33)>\2 — (a11022 + a11a33 + a22a33 — az1a13 — a32a23 — A21012) A
+ a11a22033 + 012023031 1+ 130210432 — 431022013 — 32023011 — 133021412
= A3 tr(A)N? — tr(Cof (A))A + det(A) -1
= X3+ tr(A)A2 — tr(Adj(A))\ + det(A) - 1.

Thus
A3 — tr(A) - A%+ tr(Adj(A)) - A —det(A4) -1 =0.
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