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1 BAsiIcs

We will introduce some basic concepts in the continuum
mechanics.

1.1 Stress And Stress Tensor

Stress is always simply Force/Area, but some complexity
does arrise because the relative orientation of the force
vector to the surface normal dictates the type of stress [1].
When the force vector is normal to the surface, as shown in
the Fig. 1, the stress is called normal stress and represented
by o [1]. When the force vector is parallel to the surface, the
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Fig. 1: The figure shows force vector normal to the surface
or parallel to the surface. Copyright Wikipedia [2]

stress is called shear stress and represented by 7 [1]. When
the force vector is somewhere in between, then its normal
and parallel components are used as follows [1].
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Of course, things can get complicated in nonlinear problems
with large deformations (and rotations) because the final
deformed area may be different from the initial area, among
other things [1].

Stress is in fact a tensor [1]. It can be written in any of
several forms as follows [1]. (Cauchy stress tensor shown in
Fig. 2) In 3-D it can be written as,
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Fig. 2: The figure shows the components of the cauchy stress
tensor. Copyright Wikipedia [2]

1.2 Strain And Strain Tensor

Strain like stress are been classified in to normal strains,
shear strains (parallel stress). Normal in normal strain does
not mean common, or usual strain [3]. It means a direct
length changing stetch (or compression) of an object result-
ing from a normal stress [3]. It is defined as (the quantities
are shown in Fig. 3),
AL
€= I.

This is also known as Engineering Strain [3].
Shear strain is usually represented by 7 and defined
as [3],
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This is the shear-version of engineering strain [3].
Strain, like stress, is a tensor [3]. And like stress, strain
is a tensor simply because it obeys the standard coordinate

©)

Trz

UZZ



<+« L ——»

P X

‘_

«—L,—> AL
Fig. 3: The figure shows the stetch from a normal stress and
the resulted normal strain. Copyright Continuum Mechan-
ics [3]

Fig. 4: The figure shows the shear strain definition. Copy-
right Continuum Mechanics [3]

transformation principles of tensors [3]. It can be written in
any of several different forms as follows [3].
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1.3 Deformation Gradient

Displacement and deformations are the essentials of con-
tinuum mechanics. The deformation gradient is used to
separate rigid body translations and rotations from de-
formations, which are the source of stresses [4]. In this
tutorial we won’t be covering rigid body dynamics. As
is the convention in continuum mechanics, the vector X
is used to define the undeformed reference configuration,
and x defines the deformed current configuration [4]. The
deformation gradient F' (shown in Fig. 5) is the derivative
of each component of the deformed x vector with respect to
each component of the reference X vector [4], then
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The displacement u can be defined as,

u=x-X (8)

F = Vy(Xt)
x = (X,1)
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Fig. 5: The figure shows the displacement field and the
deformation gradient. Copyright Wikipedia [5]

2 NONLINEAR MATERIAL MODEL

For many materials, linear elastic models cannot accurately
capture the observed material behavior; hyperelastic mate-
rial models that can capture the nonlinear material behavior
subjected to large strain. For example, animal tissue and
some common organic materials are commonly been simu-
lated using hyperelastic material.

Material model describes the behavior of a deformable
body by defining the relation between the displacement
field and the stress. Through the material model, we can
compute the displacement field given the stress or vice
versa. In order to define a nonlinear material model, we
need to define the following,

1) Displacement-Strain Relation
2) Energy-Strain Relation
3) Strain-Stress Relation

2.1 Displacement-Strain Model

The displacement-strain model describes the relation be-
tween the displacement and the strain. In this section we
will introduce the Green-Lagrange strain model. Before we
introduce the strain model, we first set some notations. We
will use small n as the surface normal for the deformed
configuration while the N for that of the reference con-
figuration. The Green-Lagrange strain model is designed
for the measurement of large strain. It is defined through
the right Cauchy strain tensor C, = FTF, where F is
the deformation gradient. The right Cauchy strain tensor
measures the square of the changes of local deformation.
The Green-Lagrange strain tensor E removes the rigid body
transformation from the right Cauchy strain tensor. It is

defined as )

E=3(C, -1 ©)
Specifically each element of the strain tensor matrix E
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It basically consists two parts, the small strain terms and
the quadratic terms as shown in Eqn. 10. When the strain
is small the quadratic terms can be ignored, and the Green-
Lagrange strain behaves the same as the Engineering strain
model which only contains the first part. But when the strain
is large the quadratic terms record the strain. The quadratic
terms also accounts for the geometric non-linearity of the
strain-displacement relations.

2.2 Energy-Strain Model

The internal energy of an object consists of thermal energy
and elastic strain energy. For hyperelastic material model,
the variation of the thermal energy is neglected. The stress-
strain relation for a nonlinear material model is defined
through the strain energy. The strain energy is the work
done by the stress as is shown in Fig. 6.
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Fig. 6: The figure shows force vector normal to the surface
or parallel to the surface. Copyright BioMed Central Ltd [6]

The energy density function determines the behavior of
the deformable object when subjected to stress. The energy
density function is essentially a mapping from the stretches
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to the energy. For a material model to be isotropic in
general, the energy function is expressed as a function of
the invariants I, I, I3 of strain tensor. The invariants are
computed from the principal stretches. When we do polar
decomposition on the deformation gradient F, we obtain,

F=RU=VR 1)

in which the matrix R is orthogonal. It is the rotation matrix.
The matrix U and the matrix V have the same eigenvalues.
Those eigenvalues are the principal stretches A.

I = AT+ 23+ )3
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If the material is incompressible, the third invariant Is
equals to one.

One general energy function of this class of incompress-
ible material proposed by Rivlin [7] is,

Tr =Y Ci( —3) (I —3) (13)
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where C;; are the material parameters. Many classical
material model is derived from this. One obtains the neo-
Hookean model by keeping the first term of the Rivlin
expression.

WYnu = Cio(I —3) (14)
The classic Mooney-Rivlin model [8] is,
YMR = ClO(Il — 3) + C()1<IQ — 3) (15)

By adding the second term, the Mooney-Rivlin model can
better describe the uniaxial tension behavior. To better cap-
ture the behavior of larger stretches, researchers use higher
order of I;. One such model is the Yeoh model [9],

Ty = Cio(Li = 3) + Coo(I1 = 3)* + Cao(Li —3)°  (16)

To account for volume changes, compressible forms of
this class of material are proposed by adding the third
principle to the Rivlin expression Eqn. 13.

U= Up + U(J) (17)

where J is the volume ratio J = /I3. In this paper, we use
this form of energy function of Mooney-Rivlin material [10],
[11]:
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where wq, wy and v; are the material parameters. The first
two elasticity parameters, w; and ws, are related to distor-
tional response (i.e., together they describe the response of
the material when subject to shear stress, uniaxial stress and
equibiaxial stress), while the last parameter, v, is related to
volumetric response (i.e. it describes the material response
to bulk stress). I;, Io and I3 are the three invariants. The
invariants are computed from the principal stretches, which
are the corresponding singular values of the deformation
gradient F.



2.3 Strain-Stress Model

We will be using the second Piola-Kirchhoff stress tensor
with the Green-Lagrange strain tensor. The second Piola-
Kirchhoff stress o"%? tensor for hyperelastic material is de-
fined through the energy function and the Green-Lagrange
strain tensor E. Thus the Green-Lagrange strain and the
second Piola-Kirchhoff stress relation is defined as,
k2 _ O
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Again the energy density W for hyperelastic material con-
tains only the elastic energy. We can now give the defor-
mation energy computed from the Green-Lagrange strain

tensor E and the second Piola-Kirchhoff stress tensor o7%?
of the deformable body (2,
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