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Preface

Composite materials are ideal for structural application where high strergtight

and siffnessto-weight ratio areneeded. Most of modern technologies require material
offering peculiar combinations of several properties that cannot be found in traditional
materials as metals, ceramics and polymers.

The study of composite material actuatlyolves many topics, such as manufacturing
processes, non linearity constitutive behavior, strength of materials and
micromechanics. The progress inechnologieshas allowed the development of
analytical and numerical procedures that mogvadaysessentl to characterize the
behavior of materials. This work addresses several finite element approaches that hav
been adopted to simulate the behavior of several composite structures.

In particular, in the first chapter, the anisotropic constitutive behawabr
ALCANTARA® tissue is modeled introducing both linear anisotropic lawsreamd

linear hyperelastic modghe latterby the definition of Helmholtz free energy and set
up specific microstructure tensor

The modeling of noilinear constitutive behavior gomits to simulate the
characteristics of both manmade composite material, where the optimum mechanical
performance arsearchedand organized biological composite structures, where the
optimization structural process is adopted. It is well now that, cnownt of the
presence of solid and fluid constituents at m&rale level, many biological soft
tissues exhibit an overall macroscopic non linear elastic or-glastic mechanical
behavior too. In this respect, in the second chapter, the biomechanocsnegl
structure is modeled through a FE multiphysic approach (themgahanical) in orde

to simulate its viscoelastic behavior in the outcome of Conducted Keratoplastic
surgery Fraldi et al. 2010).

A new multiscale, threelimensional finite element odel of the cord rubber lamina,
based on a hybrid analytical/numerical approach, has been developleel timird

chapter Unlike the aforementioned orthotropic approach that are commonly adopted



in modeling unidirectional laminae, the capability of this d@lorelies on the
possibility of simulating the tensiemvisting coupling of the cord and, in turn, of the
overall composite, which determines a peculiar stress state in the interfacialrcbne
matrix. Cord behavior has been first modeled by using Costadinalytical model
which accounts for tensietwisting coupling and relates the cord constitutive
behavior to the hierarchat structure of the cord itself. Finallpn the basis of this
analytical model, a homogenized cylindricabrds mode| embeddedn a rubber
matrix, havebeen implemented in the FEM code.

In conclusion, in the light othe scientific and practical interest in the mechanical
response of polymeric thin films utilized for food packaging, the mechanisms
governing the delamination phenena observed experimentally in multilayer films
during HPPhave been investigatad order to pave the way for optimal design of
packaging structures. To make this, both analytical and Finite Element (FE) analyses
of the process of HP treatment of poucheegle of multilayer films and containing tap

water have been performed.
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INTRODUCTION TO COMPOSITE MATERIALS

Characteristic and classification of composite material§l]

The wordcompositen the termcomposite materialneansthattwo or more material

are combined on a macroscopic scale to form a useful third material. The key is the
macroscopic examination of a material wherein the components can be identified by
the naked eye.

The definition of a composite material is flexibledazan be augmented to fit specific
requirements. A composite material is considered to be one that contains two or more
distinct constituents with significantly different macroscopic behavior and a distinct
interface between each constituent (on the miops level). This includes the
continuous fiber laminated composites of primary concern herein, as well as a variety
of composites not specifically addressed.

The advantage of composite materials is that, if well designed, they usually exhibit the
best galities of their components or constituent and often some qualitieadtiaer
constituent possesses:

e Strength

e Stiffness

e Corrosion resistance
e Weight

e Fatigue life
e Temperature depend behavior
¢ Thermal insulation thermal conductivity

Naturally not all of thé properties are improved at the same time nor is there usually
any requirement to do so. In fact, of the properties are in conflict with one other, e.g.,
thermal conductivity with thermal insulatio@omposite materials have been in
existence for many ceamtes. No record exists as to when people first started using
composites. Some of the earliest records of their use date back to the Egyptians, whe
are credited with the introduction of plywood, and the use of straw in mud for
strengthening bricks.
Composie materials can be classified through their material coupled. Four commonly
accepted types of composite materials are:

1. Fibrous composite materials that consist of fibers in a matrix;

2. Laminates composite materials that consist of layers of various msiterial

3. Particulate composite materials that are composed of particles in a matrix;
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4. Combinations of some or all of the first three types.
These types of composite materials are described briefly below.

Fibrous Composite Materials

Long fibers in various forms arinherently much stiffer and stronger than the same
material in bulk form. For example, ordinary plate glass fractures at stresses of only a
few MPa (20 MPa), yet glass fibers have strenghts of 2800 to 4800 MPa, in
commercial available forms and about GOMPa in laboratorprepared forms.
Obviously , then, the geometry and physical makeup of a fiber are somehow crucial
application. More properly, the paradox of a fiber having different properties from the
bulk form is due to the more perfect structuradiber. In fiber, the crystal defect are
aligned along the fiber axis. Moreover, there are fewer internal defectsin fibers than in
buolk material. For example, in materials that have dislocations, the fibers form has
dislocation than the bulk form.

Laminated Composite materials

Laminated composite materials consist of layers of at least two different materials that
are bonded together. Lamination is used to combine the best aspects of the constituer
layers and bonding material in order to achieve a mseéuumaterial. The properties

that can be emphatized by lamination are strength, stiffness, low weight, corrosion
resistance, wear resistence, thermal insulation, etc. Such claims are best represente
bimetals, clad metals, laminate glass, plastiseddaminates and laminates composite
materials.

Particulate Composite Materials

Particulate composite materials consist of one or more material suspended in a matrix
of another material. The particles can be either metallic or non metallic as can the
matrix. There are different combinations asnmetallic particles in nonmetallic
matrix composite material and nonmetallic particles in metallic matrix composite
material.

Combination of Composite Materials
Numerous multiphase composite materials exhibit more ahancharacteristic of the
various classes, fibrous, laminated, or particulate composite materials, just discussed
For example, reinforced concrete is both particulate and fibrous. Also, laminated
fiber-rinforced composite materials are obviously both teted and fibrous
composite materials. Thus, any classification system is arbitrary and imperfect.
Nevertheless, the system should serve to acquaint the reader with the broad
possibilities of composite materials. Laminated fitgnforced material are aybrid
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class of composite materials involving both fibrous composite materials and
lamination techniques. Here, layers of a fibeinforced materials are bounded
together with the fiber directions of each layer typically oriented in different direction
to give different strengths and stiffnesses of the laminate in various directions. Thus,
the strengths and stiffnesses of the laminated fiber rinforced composite materials
include rocket motor cases, boat hull, aircraft wing panels and body section, tennis
rackets, etc.

Fundamental Composite Material Terminology[2]

Some of the more prominent terms used with composite materials are defioed

Lamina. A lamina is a flat (or sometimes curved) arrangement of unidirectional (or
woven) fibers suspended in a tnva material. A lamina is generally assumed to be
orthotropic, and its thickness depends on the material from which it is made. For
example, a graphite/epoxy (graphite fibers suspended in an epoxy matrix) lamina may
be on the order of 0.127 mm thick. Rbe purpose of analysis, a lamina is typically
modeled as having one layer of fibers through the thickness. This is only a model and
not a true representation of fiber arrangement. Both unidirectional and woven lamina
are schematically shown frgure 1.1

oA dcd

unidirectional woven

Fig 1.1. Schematic representation of unidirectional and woven composite lamina

Reinforcements Reinforcements are used to make the composite structure or
component stronger. The most commonly used reinforcements are boron, glass,
graphite (often referretb as simply carbon), and Kevlar, but there are other types of
reinforcements such as alumina, aluminum, silicon carbide, silicon nitride, and
titanium.

Fibers. Fibers are a special case of reinforcements. They are generally continuous anc
have diametersanging from 3200 um. Fibers are typically linear elastic or elastic
perfectly plastic and are generally stronger and stiffer than the same material in bulk
form. The most commonly used fibers are boron, glass, carbon, and Kevlar.



Matrix . The matrix is te binder material that supports, separates, and protects the
fibers. It provides a path by which load is both transferred to the fibers and
redistributed among the fibers in the event of fiber breakage. The matrix typically has
a lower density, stiffnesgnd strength than the fibers. Matrices can be brittle, ductile,
elastic, or plastic. They can have either linear or nonlinear sthess behavior. In
addition, the matrix material must be capable of being forced around the
reinforcement during some stagn the manufacture of the composite. Fibers must
often be chemically treated to ensure proper adhesion to the matrix. The most
commonly used matrices are carbon, ceramic, glass, metal, and polymeric. Each ha:
special appeal and usefulness, as well agdtrons. A typical classification present in
literature of matrix is shown below:

1. Carbon Matrix A carbon matrix has a high heat capacity per unit weight. They
have been used as rocket nozzles, ablative shields for reentry vehicles, and clutct
and brake @ads for aircraft.

2. Ceramic Matrix A ceramic matrix is usually brittle. Carbon, ceramic, metal, and
glass fibers are typically used with ceramic matrices in areas where extreme
environments (high temperatures, etc.) are anticipated.

3. Glass Matrix Glass andjlassceramic composites usually have an elastic modulus
much lower than that of the reinforcement. Carbon and metal oxide fibers are the
most common reinforcements with glass matrix composites. The best
characteristics of glass or ceramic matrix compsesite their strength at high
service temperatures. The primary applications of glass matrix composites are for
heatresistant parts in engines, exhaust systems, and electrical components.

4. Metal Matrix A metal matrix is especially good for higdmperatureuse in
oxidizing environments. The most commonly used metals are iron, nickel,
tungsten, titanium, magnesium, and aluminum. There are three classes of metal
matrix composites:

Class | The reinforcement and matrix are insoluble (there is little chance that

degradation will affect service life of the part).

Class Il The reinforcemend/matrix exhibit some solubility (generally over a period of

time and during processing) and the interaction will alter the physical properties of the

composite.

Class Ill. Themost critical situations in terms of matrix and reinforcement are in this

class. The problems encountered here are generally of a manufacturing

5. Polymer Matrix Polymeric matrices are the most common and least expensive.
They are found in nature as ambgiich, and resin. Some of the earliest
composites were layers of fiber, cloth, and pitch. Polymers are easy to process,
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offer good mechanical properties, generally wet reinforcements well, and provide
good adhesion. They are a kaensity material. Becaasof low processing
temperatures, many organic reinforcements can be used. A typical polymeric
matrix is either viscoelastic or viscoplastic, meaning it is affected by time,
temperature, and moisture. The terms thermoset and themplastic are often used t
identify a special property of many polymeric matrices.

Laminate. A laminate is a stack of lamina, as illustratedFig 2.1, oriented in a

specific manner to achieve a desired result. Individual lamina are bonded together by a

curing procedure that depenas the material system used. The mechanical response

of a laminate is different from that of the individual lamina that form it. The

| aminateds response depends on the pro

which the lamina are stacked.

Fig. 2. schematic of laminated composite.

Mechanical behavior of composite material$l]

Composite materials have many mechanical behavior characteristic that are different
from those of more conventional engineering materials. Some characteristics are
merely modifications of conventional behavior; others are totally new require new
analytical end experimental procedures.

Most commonly engineering materials are both homogenous and isotropic:

A homogenousbody has uniform properties throughout, i.e., the progserare
independent of position in the body; Asotropicbody has material properties that are

the same in every direction at a point in the body, i.e., the properties are independen
of orientation at a point in the body.

In contrast, composite materialse often botinhomogeneouandnonisotropic.

An inhomogeneoubody has nonuniform properties over the body, i.e., the properties
depend on position in the body. Amisotropicbody has materials properties that are
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different in all direction at a poinin the body. Thus, the properties depend on
orientation at a point in the body.

Some composite materials have very simple forms of inhomogeneity. Because of the
inherently heterogeneous nature of composite materials, they are conveniently studiec
from two points of view: micromechanics and micromechanics. The first studies the
composite materials behavior wherein the interaction of the constituent materials in
examined on a microscopic scale to determine their effect on the properties of the
composite matél. Macromechanics is the study of composite material behavior
wherein the material is presumed homogeneous and the effect of the constituent
materials are detected only as averaged apparent macroscopic properties of the
composite material.

Use of the twaconcept of macromechanics and micromechanics allow the tailoring of

a composite material to meet a particular structural requirement with little waste of
material capability. The ability to tailor a composite material to its job is one of the
most signifcant advantages of a composite material over an ordinary material. Perfect
tayloring of a composite material yields only the stiffness and strength required in
each direction, no more. In contrast, an isotropic material is, by definition, constrained
to have excess strength and stiffness in any direction other than that of the largest
required strength or stiffness. The inherent anisotropy (most often only orthotropy) of
composite materials leads to mechanical behavior characteristic that are quitetdifferen
from those of coventional isotropic materials.

References

[1] Jones RM1999)Mechanics of Composite Materialkaylor e Francis
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CHAPTER

HYPERELASTIC MODELING OF ALCANTARA PANREL
TISSUE

Introduction

ALCANTARA® is an innovative material obtained from the combimatif an
advanced spinning process (laenier, bicomponent se&land type fiber) and other
textile and chemical production processes (needling, grinding, impregnation,
extraction, finishing, dyeing), it is carried out in accordance with absolutely unique
procedures. It combines softness, elegance, and rich color with high resistance to wea
and tear and incredible ease of maintenance. It is perfectly suited to innovative,
prestigious applications in interior design, car upholstery, fashion, and clothing
accessories. ALCANTARA is a newoven composite material resulting from a
complex chemical and textiles technological processes. Although it appears
macroscopically as homogeneous, the observation of tissue under an electron
microscope Figure 1), detects amicrostructure of fibers distribution and their
orientation that the material retains from the several processes of tissue manufacture
The mechanical test conducted on Pahhighlight a markedly anisotropic behavior

of structures, where it exhibits am linear stresstrain behavior in high level of
deformation, thermoelastic properties and stress relaxation viscoelastic phenomena.



Figure 1.1: Microstructureof fibers distribution observed in electron microscope tissue image

In this chapter, with reference to experimental tests results and using continuum
theory, will be explain the formulation of a linear orthotropic model of P&nnel
describing individual component of the tensor of elasticity and then validating the
theoretcal results by comparison with laboratory tests. Successively this mechanical
model will be generalized into the néinear hyperelastic model by the definition of
Helmholtz free energy and introducing specific microstructure tensors. On the base of
discusion will be neglects both the effect of temperature on the mechanical properties
of the medium that the contribution of the viscoelastic material.

The Modeling hypothesis and experimental confirmations

The hypothesis of the linear modeling are:
1. The Lineaity of stressstrain relations
2. The Orthotropic behavior of the tissue

The Linearity of stressstrain relations

The uniaxial experimental tests conducted under quasi static load and large
deformation (0%65%), have showed a typical non linear responsénefhyperelastic
materials. Tensile properties may vary with specimen preparation and with speed and
environment of testing. In fact to characterize the anisotropic behavior of the tissue,
the samples were carved with different direction: The test wereucted in
longitudinal (0°), diagonal (45°) and transversal (90°) directions, where longitudinal
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direction was considered asnduct roll direction The experimental were performed
according to theASTM D638 test method, that it covers the determinationthaf
tensile properties of unreinforced and reinforced plastics in the form of standard
dumbbelishaped test specimens when tested under defined conditions of
pretreatment, temperature, humidity, and testing machine speed. In picture below
(Figure 2)haveshown the experimental tensile test results for each direction:
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Figure 1.2: experimental tensile test results

As showing in the picture, the non linear tensile response of tissue has different
behavior at the initial deformatior0%— 10% and the large deformatiors( 50%).

In the first case the non linearity is due to several factors, primarily to the starting of
the tensile test than to the reorganization of the mstmactures. The composite
materials exhibit this behavior at initial deformation, which is calledabeegion

The large deformation behavior is a typical response showed by the material brought
at break. In this parts of chapter we want to consider the response of thetissge i
deformation rangel0%- 50% which is representative of the operating conditions of

the material. in this range the response of the tissue can be approximated by lineal
response as showed in the pict(Fgure 3)
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Figure 1.3: linearapproximation of the tissue in large deformation

For the purposes of modeling the elastic behavior of the Pammehe range of
deformation of interestl0%- 50%, the assumption of linearity of the stresigan

response can thus be considered realistic and supported by experimental evidence.

Orthotropic behavior of the Panné&

Taking into consideration the influence of the mistructure of the tissue on the its
tensile response, the mechanical behavior & Banne? can be modeled as
anisotropic. In fact the off axis tests allowed us to build the different sthess
curves showed in the picture above and in this case the homogeneoustroicigal
organization of the reinforcing fibers suggest to makbelbehavior of the Panffehs
orthotropic. The principal directions of the material will therefore be represented by a
cartesian coordinate system with the three axes parallel to the longitudinal direction
respectivelyL (the direction of developmentltp T (orthogonal to L and belongs to

the median of the sample) and, parallel to the thickness tissue specimen and
orthogonal to the mean plane of the same.

The stiffness tensor definition for Orthotropic materials

Generalized Hooke's law

The most generdlinear relationship between the independent components of the
stress, and the dual components of deformation, is callegketieralized Hooke's law
and is written as follows:

oy = B & (1.1
Where E,, is the stiffness tensor and the relative Voigt notation conis= 3€
coefficients.
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The addiional requirement of elasticity is ensured by the existence of a strain
potential¢g. It assume the physical means of strain energy density function hence the
reversibility of loadunload cycles and it is unconnected from the isthéstory(Sadd,

M.H, 2005. With these assumptions can be wrote the following relation:

L) o’p  Ooy
—=0. =Lk, j =—=E 1.2
agij i Ejkl & agij os, 0, ﬁkl (1.2
The Schwartz's theorem involves the symmetry of stiffness tensor
o%p o%p
= = Eklij = En'kl (1.3)

0g; 0, - 0&,0g;
and the reduction of elastic constants to 21 (monoclinic or triclinic materials).

The existence of various combinations of the different symmetry forms implies a
corresponding classification of the anisotropy classes of the matenigtarticular,

two extreme cases of anisotropic elastic materials are the triclinic materials and the
isotropic ones. The first material possesses no rotational symmetry or a plane of
reflection symmetry, while the second material possesses infinitely nogatyonal
symmetries and planes of reflection symmetry.

If the anisotropic plane reduces to three orthogonal plane the material is called
orthotropic. The number of the independent elastic constants is 9 and the stiffness
matrix assumes the following form

on | | Eii Eux Euss O 0 0 |[eu]
O Bz Ezae Egpss O 0 0 €2
Oss | _ Eiiis Eass Esges O 0 0 €33 (1.4)
012 0 0 0 B O 0 €12
O3 0 0 0 0 B O €13
[02] [0 0 0 0 0 Eozos ]| €24 ]

In the in the state oplane stresso,;=0,;,=0,,=0 , a shown in Figure 4the
system equation above can be reduced to:

0, E, B, 0|4
o,|=|E, E, 0 |&,]l o=E¢ (1.5
o, 0 0 Egulle&
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Figure 14: Unidirectionally reinforced lamina

Where

0,=0y, 0,=0p 03=0 15§76 EFE6 1657 % g (1.6)
Ein=Euw Eunpr=Eyn Eipe By Eng Es Eps Es Eg E

Considering that the tensdr is defined positive, it is possible to obtain the relations
below

& Sy § 0o
(=S S 0|0, £=So (1.7)
&, 0 0 S| o,

Where the operatog,, is called compliance tensorThe relation between elastic
tensor and compliance tensor are defined by

s, . __ s s 1
%75s, 8 2 ss 50 sS85,

StressStrain relationsbetween technical moduli and components of elastic tensor.
In the plane stress condition, from the experimental tests results, it's possible calculate
four elastic coefficients, called technical moddlhey are the Young's moduli in the

longitudinal and transversal directions;; and E; respectively, the Poisson

coefficientv,; (or v;, =v;E,E;"), and shear modulus in the stress plane; where this

last one it's coicident with Lamé modulus. This technical modules can be obtained
from three typical experimental test. twoonoaxialtests and ondiaxial or pure
sheartest.For the uniaxial longitudinal test, we have that:

o =B +Eg, or=Eg +Es (1.8)
Or, in the deformation case:

12



E22 E12

S =—F— SO === 5 %L
E11E22_ E12

& _EIE—EZ (2.9)

From the definitions of Young's modulus and Poisson’'s ratio, we can determine the
technical moduli:

E Eﬂ:EnEzz_Eiz __ & _Ez

) 22 12y =TT = (1.10)
& E. & E,
whereas in the transvergshtection we obtain
2
-0 Eibe-B  _ 8 & (111)
gT Ell gT Ell
From the pure shear test we can write the relation below:
O\ 1
o =2E48; = Gy = = E; (112
28+
In this condition we rewrite the tensors
I EL Vit ET 0 | i _Vi 0
1-vivp 1-vivy E. E.
E=| b Er 0 s=|-tu L g (1.13)
1-vivp 1-vivy E. E;
0 0 G, 0 0 _1
L . L LT
Where the symmetry condition has beemnsidered:
a B (1.14)
v E;

At last, considering the isotropic case relations, the Lamé's modulus can be obtainec
from the relations above:

E,

T =a .
2 1+ Vo

(1.15)
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StressStrain relations for a lamina of arbitrary orientation

In the previoussection, the stress and strauere definedin the prhcipal material
coordinates for an orthotropic material. The principal direction of orthotropy often do
not coincide with coordinate direction that are geometrically natural to the solution of
the problem. For example a laminated plates with differentniaeniat different
orientation(Jones RM 1999) Thus, a relation is needed between the stresses and
strain in the principal material coordinates and those in the body coordinates. Then, a
method of trasforming stresstrain relation from one system to amet is also
needed. At this point, we recall from elementary mechanics of materials the
transformation equation for expressing stresses inyaooordinate system in terms of
stresses in a-2 coordinate system,

o, o, cos 0 sirf & — 2si® co8 |[ o,
o, |=[Ql| o, |=| sin’6 cos’ @ 2sir9 cof || o, (1.16)
T, 7,| |sindcow - si® cod cé¥- sid || 7,

Where @ is the angldrom the xaxisto the Xaxis Figure 5.Note especially thahe
transformation has nothing to do with the material properties but is merely a rotation
of stress direction. Also, thdrectionof rotation is crucial.

Similarly, the strairtransformation equation are

& & cos sifo - 2si co8 || & (117)
g, [=[Ql| &, |=| sin?6 cos o 2sird cof || ¢,
Yy V2| |Sin@co® - si® cod cdY- S|y,
2 2 2

Figure 1.5: Positive rotation of principal material axes frory Axes

where we observéhit strains do trasform with the same transformation as stresses if
the tensor defintion of shear strain is used (which is equivalent to dividing the

engineering shear strain by two). A-solled specially orthotropic lamina is as
14



orthotropic lamina whoserincipal material axes are aligned with the natural body
axes:

X Ul Ell E12 o gl
y = 0'2 = E12 E22 o gz (22107)
ElS

0 0 712

Q Q9

N

Xy le

These stresstrain relation were introduced in the previous section and apply when
the principal material direction of an orthotropic lamina are used @slioates. The
stiffness tensor and compliance tensor in the rotate coordinate system can be writter
through the relations

E’=QEQ™", $§=QSQ7'(2.2.108)

The analytical expressions &’ are reported below:

E), =E,cos0+E,,sif0+ 2 E+ &, sifd co¥
Es, = E,Sin*0+ E,,co80+ 2 E,+ &, sifd cow
E),= E,+E,,—2E,-2E,, sifd codf+ E,, sifd+ co¥ (1.18
E,= E,+E,,—4E, sifdcodd+ E, sifd+ co®
= E,— E,—2E, sind cos$6- €,,- E,,—2E,, I’ 0 coP
Ey = €.— E,,—2E,, I’ 0 co¥— (E,—~ E,~ 2E,, )oY sif

Similarly can be calculated the expressions for compliance tensor.

Thermodynamic appvach for Poisson ratio in orthotropic materials

It's important to note that if one assumes an orthotropic material, unlike the isotropic
case, the forms of transverse contraction (Poisson modules), while retaining the same
physical and geometric meaningey must obey the classic case of easier isotropy.
Mathematical restriction impose that the range of value for Poisson ratio is imposed
by the positive elastic tensor, this last connected with the positive stain energy
function, where we have that:

{Vg; =0, q)::%E”hk g & >0 =>E=[ E,,] = def positive

which is equivalent to imposing that the determinant of the all minors of the elastic
tensor operator (stiffneds or complianceS) are strictly positive. In the plane case

and considerig the symmetry conditiow ;E; =v; E_ we obtain the following

limitations
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E >0, E>0G;>0, - E<vLT< 5
= E

then

{E,>E =c¢E, ad0,c R} =v e(-a5a) 31

This confirm that, for the plane case and for orthotropic material, the usual range
1-1,1] of Poisson modulesthat in the threelimensional and isotropy case is further

confined to the rangé—1, 1/ 2[- can be violated in general, making it eligible, both

theoretically and experimentally, the values of the transverse comtracodules less
—1 and/or greater the unit value.

Elastic moduli of orthotropic Pannef® tissue

Determination of Young's moduli: lineaselastic case

In the previous chapter it has discussed the legality of the orthotropic and linea
elasticity response of the Parfhébksue. This hypothesis have been confirmed by the
linear fitting of the stresstrain curve in the picture abovigure N° in the range of

large deformations. Starting by the mathematical expression of linear regressio
curves, obtained by the fitting procedure, we can calculate the young's elastic moduli
for each test type, obtaining the following values for longitudihaldiagonal,D

6 =45 and transversal,, directions respectively:
Ve e (10%- 50%), & = 19.58MPa ,E = 14.3MPa ,E= 11.80MPa

Experimental result of the Poisson moduli

Through the uniaxial experimental test, made on the Pannel tissue, it was possible tc
draw the evolution of Poisson ratio at several strain values, for longitudinal and
transversal case
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Figure 1.6: dependence of deformation value on Poisson ratio

The graphs on figuré highlight how the Poisson ratio values depend on deformation
values along longitudinal and transversal directiém particular it's important to note
thatthe Poisson ratio is both non linear and non monotonic while the deformation is
constant. Furthermore, the values of the moduli vary on the range between 0.25 anc
about 2.25. This interval is not compatible with those established for the linear case by
equation @2), in fact, substituting the numerical values of the technical moduli
determined by relation24) we have

{1.29=—E E'<v,;<JEE'=1.29} = sup/ < 2.2

We can state that orthotropic linear elastic model it cannot be used to model
comprehensively the overall resgenof the material considered. In particular to
model the rearrangement of miestructure of the Pannel tissue, during the
deformation, need more accurate miomechanical models and particular
homogenization algorithms to model the overall manerhanial response of the
structure. However in the sequel of chapter we consider only isochoric deformations

then the Poisson modulus is fixedvat = 0.5.
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Moreover, although the effect of the values close to the end points of the mechanical
compatibility of the Poisson modulus influence the components of stiffness tensor, the

fixed valuev ; = 0.5 don't affect the Young's modulus value evaluated respett to

Shear modulus calculation and stiffness miaet of Pannel
In this section will be presented the

e The calculus of shear modul@;; through the diagonal Young modulis, ;

e The stiffness matrix and compliance matrix of the orthotropic model of Pannel
presated above.

To evaluate the shear modul(s,; we refers to diagonal modulus, obtained

through the uniaxial tensile test and the equatiat® and @0). With simple
mathematical manipulation can be obtaie dgyuation below:

E,={[S7.} '8 aE G x
{G 31 +a) —2av,;-4(l-a)cosD+ (ka+ 2v, )coshH4aE, @ cow4d ¥

wherea = E, E;*.

In particular the value oE, when @ = z/4 for E, = E, is given by:

aEy B
E = = L 1.19
9|e:7r/4 B = G 4ok - E,(l+a—2av,;) (119

Replacing the latter equation in equatid®6)(we obtain the Young's modulus as
function of @, which is numerically not sensitive to variation of the Poisson modulus.
In the pictures belowHigure 3 are shown the trend of shear modulus in the polar
coordinate system and the trend of shear modulus versus Poissolfrigare g, in
which the elastic moduli have the value @#J, respectively.

!
r Eg DPa]
T

-0 -10 0 10 20

Figure 1.7: the trend of shear modulus in the polar coordinate system
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Figure 1.8: trend of shear modulus versus Poisson ratio

At last, is importahto note that although the influence16f on theE, is negligible,

the Poisson ratio values close to the end points of the mechanical compatibility, may
enhance the profiles and intensity of the componehtbeo stiffness tensoit, see
(Figure 9)

Regarding the second goal of this section, once determined the expressions of the al
elastic moduli, the construction of the stiffness and deformability matrices of the
Pannel can be obtad through the relations in (18) and using the equation in (20).

Whit equation (14) and through mathematical manipulation , can be wrote the

expression of the tensoBsand S in the principal symmetry codinate system of the
material.

23.05 695 0 0.0511 - 0.0255 0
EP{MPg =| 6.95 13.89 0|, SP™MpPa’}|-00255 00847 0| (120
0 0 513 0 0 0194

In the table belowTable A) are eported the expression of technical elastic moduli.
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Figure 1.9: the influence ofv;; ontheE,

EL ET ED GLT V|_'|' Voo = Vi ET Ell
[MPa] [MPa] [MPa] [MPa]
19.58 11.80 14.31 5.13 0.5 0.3

Table A: Technical elastic modutif Panne?
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Uniaxial tests simulation by Finite Elements analysis under linear orthotropic
elasticity and high strains.

The results obtained from the FEM modeling of a Pannel® ALCANTARA sample
under uniaxial load condition are going to be showed in this paragraph. Thealead
separately applied in the three testing directions (longitudinal, crosswise and 45°
diagonal respectively), assuming to be valid for the material the linear orthotropic
elastic relationship formerly obtained, and making the analysis under statiaridad

high strain conditions.

The geometric model has been designed in ANSYS®, following the ASTM D 638 02a
(Standard Test Method for Tensile Properties of Plastics) standard test rifesidd
International 2003) generally used for characterizingthe plasc r ei nf or c e «
reaction to traction. T h e nb otnheed st aynppel es
particular dimensional specifications are quoteHigure 10a (left side)

Dimentions of geometric model (ASTM 0 638 - 02al m Load
[ Boundary condition

L= Longitudinal direction
T= Transversal direction

b)

Figure 1.10 Specimen's geometry

According tothe experimental results, It has been proved in the previous sections that
Pannel® ALCANTARA shows a mostly linear behavior in a50% strain range,

thus a linear orthotropic strestrain reaction is expected in the above mentioned
strain range. Evidentl, as i to6s going to be explai
will atone a sort of prstress, due to strain storage during the initial stage, associated
to the hi gh-l reaati ondés nndrhe early fi
discretization habeen realized by utilizing 8 nodes plane elements (PLANE182) and
quadratic form functions on the sides; it is able to calculate either plane stress and
planestrain (ANSYS®). In addition, the finite element PLANE182 allows to
implement an anisotropic rédanship either linear and hyperelastic, and to analyze
big displacement and big strains. &g 11 shows the discretized model with 2922
elements and 3124 nodes, in particular it shows the resulting mesh regularity, obtainec
to reduce energy errors assded to concentrated stress gradient.
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About orthotropic elastic modules, they have been referred to the linear model
formerly obtained in this Report. In particular, in the case of plane stress, this
relationship is describedom equationEq.1.5

Whose @&plicit expression of the elasticity tensor, as the Cartesian reference system
mat ches the material 6s principal refe
explicit form in the first matrix on the left &qg. 1.20

Figure 1.11: specimen FE model

On the model, static analysis have been done to simulate uniaxial traction tests alonc
the axis angled of OA, 45A and 90A resj
(figure 10-b) and effectuated either under small and big ldegments, in order to
point out eventual differences in the i
In order to retrace the procedure followed in the experimental tests effectuated upon
ALCANTARA ® samples, the model has been constrained in one tip by a penfiect joi
whilst in the opposite one, a uniform displacement has been forced, which is related to
a maximum engineering displacement eq!
elongation rate in the same direction as the load one. The output tensional condition
(fig.10 because of the sample sectionos
uni form distribution and s o,stranageadtian,litc u l

has been rated the normal tensmnaverage value, homogeed above n elements
|l aying in the model 6s middle section.
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3.26038 4.38894 5.5175 6.64606 7.77462
7.21034

3.82466 4.95322 6.08178 8.3389

Figure 1.12: Longitudinal stress distribution

The homogenized tension values have been rated by the following formula

<0L>:O_-L = nl Zvi "Oli (1.22)

Wherev, ando,;, represent the-i t h el ement 6 s ©nalltensioe, an

respectively.

By this way, it 0s been-st@ocuwas inlthe cohsmlered e p
strain range, in the three different imposed uniaxial load conditions.

The following graphs shows the FEM analysis results, obtained bgcthation of

either geometrical naelinearity condition (big displacement, and strains red) and

linear one (green), compared to the related experimental curves (blue.) In particular,
the Figures 13, 14 and Ebhow that results in the respective casegniaxial traction

in the longitudinal, crosswise and 45° diagonal direction.

It6s possible to point out from-lineéri s
simulations and from the experimentally obtained ones that all of them show nearly
constantstressshift compared to the strain, due to the heavily-lvo@ar behavior of

the stresstrain profiles in the first strain range-10%). Indeed, that difference is
completely recoverable if the same FEM simulations are made entering an input pre
stresst hat at ones -smartuecrtiuvarlabls rneiacrrroangement .
to find out a very good fitting of numerical results with experimental ones, as shown
in the Figures 16, 17 and1@ the three different examined cases.

Fi nal | y anttopubdin evidemae théas it results from the green curveshe
Figures 1814 and 15 t 6 s i mpossi bl e to ignore th
condition: the linearization of Gredragrange tensor implies a stress increase than the
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nominal one gperimentally measured and thus a tension overrate, increasing as the
sampl eds strain does.
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Anisotropic models in finite elasticity: specialization in the Pannél case

Stressstrain tests for hyperelastic materials
Let 0s assume a r €f ¢f a eontiovem iosiwessfrée ganmditians i 0 n

The strain can be described by the following function:
7:Q, >R XeQ,>x=x(X)eQ

Where X is a general material point in the undeformed configuration of the solid, and
x represents the same material point in the deformed, or current, configufation,
The transformation is regulated by the strain gradient

F(X):?—fi, J =detF X )> 0(1.22)

Using the Cauchysreen right tensor

C=F'F (1.23

Il t6s possible to obt dagrange diran tensopas felevesi o n
2E=(C-1) (1.24)

Where | is the second order identity tensor. In the main reference system, it is also
obtained that:

G=2¢+1=4*, ¢=[C], e=I[f (1.25)

where /. are the mainstretches whose physical meaning allows to dedube
expression of the corresponding strain engineering components:

g=4-1=113-1 (1.26)
landl,bei ng a materi al f i b eith diectidn eespgadtiviely , |
in the deformed configuration and in the starting one.

Once defined the continuum kinematics by the different sin@asuresi(.24), (1.29),

(1.26), it is possible to obtain the streSpost ul ating the exi:
potential, and then introducing Helmholtz free energy in the following form

26



Y=¥YE,M,)=¥YE ,M,..M,), neN (1.27)
where

M, =m &m, (1.28)

Represents a second order symmetric tensor mapds the general unit vector

defining the n mi crostructurelds matr e rein
macroscopic anisotropy. By this way, the strain terigiolaKirchhoff second
tensor is univocally determined by the relationship:

g% (1.29)

oE
The equations 1(24), (1.27) and (.29 define an hyperelastic material, and the
relationship (36) defines the tensor v

anisotopy.

Explicit definition of Helmholtzdé free
Panne? tissue, as a consequence of several chemphogdical and production
processes, shows a heavily anisotropic behavior, related to a substantial orthotropic, a
showvn by the uniaxial stress tests and, in particular, by the sttess curves
experimentally obtained-{gure 2.

Referring to the tensoM , form (1.28 and assuming the presence of two micro

structural fibers statically directeéd order to be mutually orthogongigure 19

Figure 1.19

itds possible to reduce the tensor var.i
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M,=M'-a®a, M,=M*'=b®b (1.30)
Where
a=[cosa,sinz ,0] , b= [co® ,sip ,0], B=a+x/

And U represents the gener al inclinat.
longitudinal tissue axis (relinrolling drection), assumed equal to zero for the
considered case.

The independence on referring system r
to narrow the functional forml(27) to the isotropic function form of the string tensor

E and of the two micrstructural tensoM' andM *, thus considering variable the
following usually invariant quantities

ll=Cc:M!, 1l=C?:M!, I};=C:M*, 1i=C?:M* (1.31)

Assuming polynomi al a Hel mholt z163) ind e e
limiting to quadratic and cubic tern{&asser and HolzapfeR000; Holzapfel et al.
2000 , it results:

WAL LD )=k, (01 17 ket ) (0t )

(1.32)
+hy @17 Pk, @179 @l; ks @l x) 4y

Where k are parameters, of h s ame di mensi ons as te
determinable.

Stressst rain engineering curveso6 analytic
longitudinal and crosswise direction.

In order to establish the value kfparametes in the (.32 for Pannél tissue, it is
necessary to refer to the stresdsain curves experimentally derived from uniaxial
stress tests in longitudinal and crosswise direction, considering the whole cedisider
(engineering) string rangeiffure 2)

In order to do it, referring to a Cartesian reference sygfem, X,, X}, matching
either the main symmetry reference system and the sie#s one, in plane stress
case, reconstruct the stress state by utilizing the equdti?g @nd the fee energy
expression.32), remembering from1(24) that E =(C-1)/2:
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oY

01 = E =8k, + 2k {4 e(l+2¢q)-[1- (1+ 2 QJ)Z II+4 ke,
1
oV
O,y = %" 8k.e,,+2kfdef1+2e)-[1- 1+ 26,7 }+4 ke (1.33
2
oa g
0'33 = E = O
3

Whereo; =[S]; are the main components of the stress tensor and the dirggtion

assumed as orthogonal to the stress plane. In order to obtain the analytic relationshij
for the two uniaxiabktress cases in longitudinal direction (alof@xis) and crosswise

direction (alongx, a x i s) related to the experi men
relationship between the main strain components,, that annul thes,, tension, in
the case of uniaxial stress xpndirection, and complementarily the tensiomp, in the

case of uniaxiastress inx direction. Which involves the following algebraic
equations (derived fromL(33) to be solved:

_ (ks +2k,)+/(k+ 2k, Y — 6k k&,
6k,

~(k,+2k,) + 4/ (k + 2k, - 6k k &,
6k,

0,=0 = e,

(1.34)

0,=0 = ¢g,;=

Substituting the first of .34 to the o,, stress expression irl.3 and twice the
second of 1.3 to o,, in (1.33), stressstrain relabnshipsc, —¢, and o; —¢&; are
obtained respectively for the longitudinal and crosswise case as follows

o _T2KKk €+ 24K (k+ 2k) e+ 2KE (¢ 2 )\ (b 2 K- 6k ke

g 3k
* (1.35)
o _T2k.k, & + 24k (k+ 2k) e+ 2kE (K ZK)F\/(!& 2 kj- 6 ke
T 3k,

Where, from $.295 and (.26, the GreerLagrange strain components
e =§,(0,,=0) and g = ¢e,(0,;,=0) are linked to the related engineering strain

compore nt s 6 e ¥ pandzshy iherelaionships:
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(1.36)

(g )-1 (e Y1
B 2 &= 2

Calibration of Helmholtz hyperelastic model on the Panfigissue

The analytical form of stressrain laws o, —¢, and o; —é&; for hyperelastic
materials can be obtained to replacing #guations1(.36) into the relations1(.35.

The k parameters of Helmholtz's model can be calculated through a fitting procedure
on the experimental results, obtaining the data reported in the table below:

Hyperelastic parametersof analytical model
(Orthotropic hyperelastic modgl
K [Mpa] kl k2 k3 I(4 k5
3.895 -0.465 0.597 0.115 0.016

In the figure20 are shown both the analytical curves (solid line) and the output of

experimental results (dots) of the uniaxial str&tsain test, along longitudinal and

transversal directions respectively. It's possible to deduce the good agreément
theoretical predictions with the results of laboratory.

stress [MPa]
12

10

g

i
- strain|

Figure 1.20: analytical curves (solid line) and the output of experimental results (dots)

Uniaxial tests simulation by Finite Elements analysis under anisotropic
hyperehsticity and high strains.

Conclusions

The first part of this chapter focused on the construction of a linear elastic orthotropic
model for the understanding of the mechanical behavior of tissue Pannel
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The linear and orthotropic hypothesis have beeoudised in the opening paragraphs
and there were related to the experimental result into the range of deformation of

practical interest that is the high deformation rad§éo— 50% .

The numerical simulations are carried out by using aé~Biement code (ANSYS,

with which it was possible to validate the theoretical model and to quantify the affect
of the nonlinear material behavior, in the tensile uniaxial tests. The second part of
chapter describe the definition of hyperelastic behaanodeling the stresstrain
response of Panrfel This model is derived from the framework of the theory of
nonlinear elasticity (Finite Hyperelasticity). In particular, starting with the free energy
of Helmholtz, was found the formal structure of #tr@in energy densitgs a function

of the invariants both of the Gredmagrange tensor than the microstructural tensor.
The latter deriving from a generalization of thelzapfelGasser Ogden mode.

The parameter calibration were made from the experimettadsstrain curves,
showing a good approximation between experimental and analytical results.
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CHAPTERI

FEM MULTIPHYSIC APPROACESON THE
BIOMECHANICS OF CORNEAL TISSUE

Introduction

Over the past decade, surgical techniques based on excimer lasers have bee
extensively used for treatment of refractive errors in human eyes. Several procedures
(LASIK, PRK, LASEK, etc) have been developed to correct nearsightedness,
farsightedness and astigmatism by removing thin layers of biologic tissue, thus
modifying the surface curvature of the cornea. These techniques have advancec
rapidly and laser in situ keratomileusisASIK) surgery has emerged as one of the
most commonly performed procedures. In particular, with the aid of automated
control by computers, the LASIK has become reliable and its outcome predictable.
However, the disadvantages of these surgical procedesiderin the fact that
intervention location is at the corneal centre and therefore the operation zone is on the
visual axis. This may affect visual acuity with the possibility of night vision problems
including halos, starbursts, and other undesirableaghena. Moreover, if the surgery

fails the laser ablation of corneal tissue may generate irreversible effects and it can be
extremely difficult to compensate for the loss.

Consequently, refractive treatments operating on peripheral cornea such as
Conductie Keratoplasty (CK) and Intr/@orneal Ring (ICR) have gradually attracted
much attention, in particular for the correction of farsightedness, which is far more
problematic then nearsightedness because a steepening versus a flattening of corne
surface igequired. From a technical standpoint, the Conductive Keratoplasty is based
on the delivery of a precise amount of radiofrequency energy through a probe inserted
into the stromal tissue.

CK generates heat in the cornea because stromal tissue providesicesis the flow

of the current, which results in controlled heating and collagen coagulation. The
process is selimiting because resistance to the flow of the current increases with the
increasing dehydration of collagen and the CK treatment spotshwiay vary from

eight to thirtytwo according to the degree of correction required, reach a temperature
consistent with optimal shrinkage. A cinching effect is thus obtained that increases the
curvature of the central cornea, yielding the desired reaitittough the procedure is
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far less invasive and risky than ablative ones, the postoperative faticahows that
the initial degree of refractive corre:
(McDonald el al. 2005; Esquenazi et al. 2006)) so that predictability of the
outcome cannot be considered completely satisfactory.

In order to shed some extra light on the reasons of this regression and to help to
understand the still unclear mechanisms responsible of the phenomenon, the preser
study propses a Finite Element Method (FEM) based numerical simulation of the
mechanical response of the cornea to CK, with the aim of determining the role played
by some key geometrical and mechanical factors.

Simulations of surgical procedures by means of numke@approaches have been
commonly adopted to understand the tissue response and to develop new surgica
techniques to varying degrees of success. To this scope, the FEM has been employe
to simulate the incisions for astigmatism correction and evaluatetith, length and
position of each incision (Lanchares et al. 2008). By following a similar approach,
Pandolfi el al. (Pandolfi et al. 2006, 2009) simulated the surgical outcome on myopic
and astigmatic eyes, evaluating the dioptric power in the postieerdiowever, to

the best of authorso knowl edge, no pr
devoted to CK and to the influence on the refractive correction of both the viscoelastic
properties of the cornea and of the induced stress status. Additicanadg, surgical
simulations must rely on a suitable representation of the mechanical response of soff
tissues subject to surgical manipulations, to achieve a meaningful reproduction of the
phenomena pertinent finite element models need to be employedt,ivdadating

these models for specific tissues still remains a challenge and in the present work
carefully conducted human cornea tests (Zeng et al. 2001) have been chosen ftc
corroborate the elastic and the viscoelastic constitutive laws.

The chapteris organised as followdn thefirst part of chaptera FE modelling of the
cornea, accounting for its viscoelastic behaviour, is accurately set up according to the
available experimental data in the current literature; then, by introducing suitable
bounday conditions and prescribing heat sources at the intervention spots, a steady
state thermamechanical simulation of the Conductive Keratoplastic intervention is
carried out and the numerical results are validated with respect to the standard clinical
nomogams;successivelythe evolution of the obtained correction is evaluated over
time with respect to the viscoelastic properties of the corneal tissue and a comparisor
between the resulting stress field and the one normally present on account of the Intra
Ocular pressure (IOP) is performed.
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In the second parin order to simulate the thermal behavior of corneal tissue during
the heating process, and subsequently viscoelastic mechanical respsinsetures, a
coupled thermamechanical transient analysiashdeveloped.

In addition, with reference to the currently adopted surgical nomograms for refractive
corrections ranging from 0.75 to 2.25 Diopters, a sensitivity analysis is performed
with the aim of evaluating the capability of the computational modegkredict the
expected clinical results. Thus, interventions involving eight, sixteemvemtyfour
spots are analysed.

Material and Methods

The biomechanics of the human cornea
The human cornea is a highly porous soft tissue filled by biological flusdgtbtects
the internal layers of eye, keeps its shape and conveys the light rays to the retina. Its
thickness ranges from 1 to 0.8 mm from the coisara junction to the centre, 80%
of its mass being constituted by water. From an anatbimtologicalpoint of view
the cornea is made of five | ayers: t h
stromal ti ssue, the Descement 6s membr a
1991). The corneal stroma represents 90% of the whole cornea and has an averag
thick ness of 600 em (about 550 em and 650
the limbo, respectively). It is constituted of about -B500 parallel lamellae, made of
collagen fibrils soaked in a waterproteoglycans substance: the presence of these
constituats and their percentages confer to the whole structure a marked viscoelastic
behavior, while the different orientation of fibrils suggests a local anisotropy (Newton
and Meek 1998; Nguyen et al. 2008).
In the last years, many efforts have been made terstaihd the biomechanics of the
corneal tissue and several experimental tests have been conducted both in the sho
and in the longerm ranges such as inflaction, tensile, creep and stress relaxation tests.
A number of numerical simulations have also bearried out and several ad hoc
equations have been used to describe the response of different corneal tissues (Fur
1993; Zeng et al. 2001). Inflaction tests have been used to evaluate the change o
stiffness with increasing intraocular pressure and theepc behavior, while a
hyperelastic response has been related to the age of corneal tissue (Elsheikh 2008). |
several cases animal corneas have been employed, given the difficulty in obtaining
human corneas (Hoeltzel et al. 1992). For this reason, tfereti€es in mechanical
properties of human and porcine corneae have been analysed and similatrstiress
relationship has been found, albeit the kvegn stresselaxation behaviorcan be
markedly different (Zeng et al. 2001). Specific inflaction téstge been performed on
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corneal porcine specimens subject to internal pressure increases, highlighting a typica
soft tissue nonlinear behaviour, that is a mategulated phase followed by a
collagenregulated phase (Anderson et al. 2004).

Many studies hae been aimed to derive the mechanical behaviorof cornea directly
from its stromal structure, each lamella being formed of collagen fibrils embedded
within extracellular matrix rich in proteoglycans, glycoproteins and keratocytes
(Boote et al. 2005). Howev, the hierarchical structure of the cornea at different
scales, a fact common to many biological tissues, makes the development of reliable
numerical models difficult and different approaches have been proposed in literature.
In many cases corneal tisstras been assumed to behave as a nearly isotropic

i ncompressible material with Poissonos
describe the human eye as an exponentially stiffening membrane and made referenc
to a nonlinear elastic and isotropic ter@al (Fernandez et al. 2006; Xie et al. 2008).
Hyperelastic constitutive laws, derived from inflaction tests on porcine cornea
specimens, have been also adopted in some numerical models of cornea (Anderson ¢
al. 2004) and others authors have considarednisotropic corneal micigiructure on
account of the lamellae of the stroma. In particular, Li et al. (2006) assumed the
cornea as made of a composite material and invoked constitutive equations for
laminated composite shells, with the lamellae presgra random orientation with
gaussian distribution. As a matter of fact, a weagle Xray scattering study had
reviously confirmed the anisotropic arrangement of the lamellae (Meek et al. 1987)
and subsequent research works, again based-my Xcattethave recently revealed

that in central zone the fibrils are concentrated in the 45° sectors along the superior
inferior and nasalemporal directions (Boote et al. 2005; Meek et al. 2009).

Additional investigations (Newton and Meek 1998) have establigteedresence of a
circumferential annulus of collagen fibrils at the corsekera interface and
microstructural models exploiting these results have been subsequently implementec
in FE analyses through the definition of two preferred material directindsbg
adopting energy approaches to model the collagen fibatex composite
behavior(Lanchares et al. 2008; Pandolfi et al. 2006; Pinsky et al. 2005; Nguyen et al.
2008). Very recently, some authors (Grytz and Meschke 2009a) have proposed ar
innovative strategy to model the physiological network of collagen fibrils at the
corneasclera junction and developed an algorithm to predict thwieatation based
remodeling of crimped collagen tissue. Their results have shown effective matching
both with expemental data from uniaxial test on rat tail tendons (Grytz and Meschke
2009b) and with experimental data from strip extensiometry on porcine cornea
(Anderson et al. 2004). Having examined all these previous studies and given the
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chief scope of the presemtviestigation, i.e. the analysis of the long term stability of
the obtained correction, in order to focus the attention on the key parameters in a
suitable and not gratuitous complicated mechanical modelling, in the present work the
corneal tissue has beemssumed to behave as a nearly isotropic viscoelastic
incompressible material. This choice has been validated with reference to carefully
conducted tests on human corneae (Zeng et al. 2001) and with the comparison of the
FE results to orbscan corneal topmgny images (McDonald et al 2002).

From a geometrical point of view, the cornea has been modelled in several ways and
approaches modelling the global eye ball (Crouch 2005), the sole cornea (Anderson e
al. 2004; Xie 2008), assemblies of cornea, limbus subera (Lanchares et al. 2008)
have all been pursued. Spherical, ellipsoidal or pseudospherical shapes, with different
internal and external radii, have been proposed for cornea geometry (Fernandez et al
2006; Pinsky el al. 1991; Bryant el al. 1996).particular Anderson and al. (2004)
modelled both the whole eye and the sole cornea to evaluate the effects of some
parameters related to the IOP and these results have been successively used on
spherical corneabnly FE model, to assess the IOPG (GoldmantraOcular
Pressure) measures.

Pandolfi et al. (Pandolfi et al. 2009) modelled the cornea by introducing ellipsoidal
curves in order to simulate the laser surgery outcome on myopic and astigmatic eyes
Fernandez et al. (2006), employed a -shimension& finite element, while
threedimensional FE models of the front part of the human eye have been created tc
simulate astigmatism correction by corneal incision (Lanchares 2008), where cornea,
limbus and sclera have been involved and the eye model has beeratgd by
assuming, as done by several other authors, symmetry with respect to the optical axis.

Viscoelastic characterization of the corneal tissue

It is well-known that, on account of the presence of solid and fluid constituents at the
micro-scale leve many biological soft tissues exhibit an overall macroscopic
viscoelastic or porwiscoelastic mechanical behavior(Fung 1993; Cowin and Doty
2007). In living tissues, this material tirdepending response can interfere with
biological timedepending remaelling, growth and morphogenesis processes, which
alter the tissue structure modifying its mechanical features over time (Cowin and Doty
2007). The actual overlapping of material and biological responses depends on the
ratio between the characteristic @mby which the two phenomena evolve, say stress
relaxation and tissue micisiructure changes. As a consequence, from the mechanical
point of view, a preliminary evaluation is needed for assessing the possibility of
separating these effects. With the aiof investigating the role of corneal
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viscoelasticity on refractive correction after CK operations, it is possible to make
reference to mechanical models (Nguyen et al. 2008) essentially based on the
Maxwell and the KelviAvoigt elementary oned$-(g.2.1).

Spring model (€) Maxwell model (d) Kelvin-Voigt model | (e) Generalized Maxwell model

(a) E 7 | N L

Dashpot model i G(f} = G‘,L = ol ZG}E g
=l

de de() 1da(t) o) de(i) i
= ] — —_— = —_ =Ee¢ —
'—:”"—' a =1 T a E & + = ol(t) e(r)+n P
(h)

Fig. 2.1 Basic constitutive models equation

According to these models, any viscoelastic behavior of a given material results from
a suitable combination of serial and parallel springs and dashpots, characterized by
different Young moduliE, and viscosigs, 7, respectively. These models, along with

the welkknown corresponding equations, are shown inZEigwheres is the stress,

¢ the strain andthe time.

The most commonly adtgd viscoelastic model is constituted by thecabed
generalized Maxwell (or MaxweWliechert) model (se&ig. 2.1), where the time
dependent behavior of the material is accounted through a special mathematical
expression, the Prony series, i.e.:

G;
—Lt

N .
G)=G,+>. Ge (2.2)
j=1

where G represents the Lamé shear modulus (Chen 2000).

As stated in themgvious Section, in order to avoid unnecessary complications, within
the scope of the present investigation the corneal tissue has been considered a
viscoelastic and isotropic and obeying to the streksation curve derived from
available experimentaésults (Zeng et al. 2001), as showrig. 22.
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Experimental Curve of Stress-Relaxation Test (Zeng et al., 2001)
G()=-0.0159 Log(t) + 0.9785

s
=
R

Shear Modulus (MPa)

7 0.80f

0 200000 400000 600000 800000 Lx10¢
Time (sec)

Fig. 22 Typical stresgelaxation curve of human cornea from experimental data

On the basis of these available experimental results, the time period of analysis has
been extended to about 11 days atter surgery. The procedure followed to evaluate
the Prony coefficients G;,z; and K,,z; for shear and bulk moduli is summarized

in the flowchart ofFig. 2.3.

Data Set for
Constitutive
Eguation Set
_Equation Setup _
Standard Experimental . > Elastic modulus
Tests Poisson ratio

Prony

|
|
|
|
|
|
Shear Modulus | Coefficients
|
|
|
|
|

Viscoelastic Experimental Relaxation Data fitting G
Tests Curves b}'., . Cpr)

Prony Series .
Bulk Modulus (K;,;)

Fig.3 Setup of data set for modelling the viscoeladiehavior in ANSY$

The numerical analyses have been performed with the aid of the Finite Element basec
commercial package ANSYS(ANSYS 2009), whose dataset for viscoelastic
materials is built by entering the couples of Prony coefficients and Young asodul
and Poisson ratio, in case of isotropy related to shear and bulk moduli by means of the
classical formulae

2G(t) = Ex (1+ v)*l\tzo (2.2)
and
3K{t)=Ex@1-2)" (2.3
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with v=0.49Sto simulate a nearly uncompressible material. The couples of Prony
coefficients have been derived by means of a least square technique, employed to fi
the experimental curve. Table 1 collects the input values in the FE code.

G(t) = i(}jlfxp(% ] K@) :'Z'Klz«;xp[% )

K.

i i

G; T

i

0.760459 37.8176

-16.3482 | 49519.7 655.507 | 89600.8

12.1045 35238.8 -1608.11 | 77392.2

18.2807 | 69056.4 -697.578 | 23398.6

1.56495 19267.7 -1725.99 | 43953.2

-15.774 91020.1 -2.12441 | 12937.6

6.55643 107265 193 17955.6

0.0545391( 507.78 1285.31 31664.7

Wl | N|la|lu|s|w [N |k |

Wl | N|lo|lu s |w ||k |-

-6.2817 | 25913.2

Shear Modulus Bulk Modulus

Table 1 Pronycoefficients

1905.62 | 60049.1

In order to validate the viscoleastic constitutive relationships prior to the analyses, the
FE constitutive behaviorhas been checked against the experimental expression by
Zeng (2001) by means of a specific procedure developed to simukgsrstaxation

tests on a benchmark cubic specimen under pure shear.

The conductive keratoplasty

As anticipated in the Introduction, the conductive keratoplasty is aablative
procedure based on the delivery of a precise amount of RF energy thromgiya f
tipped stainless steel probe inserted into the peripheral cornea at premarked spot:
encircling the cornea outside the visual axis. The instrument tip pierces into about
80% of the corneal depth (McDonald 2005; Hersh 2005) and produces a rather
homog@ous and uniform cylinder of scar tissue.

More precisely, the analysis of the histology of a pig eye one week after CK treatment
shows at each treatment spot a cylindrical footprint that extends to approximately 80%
of the depth of midperipheral cornea ¢Ponald 2005). The treatment spots in the
histopathological images of human corneae appear somewhat more homogenous an
deeper (approximately 500 e€m) than the
2005), but it can be nevertheless related to ¢hispe. The new configuration is
accompanied by contraction (shrinkage) of collagen that changes the mechanical
behaviour of the tissue. The intervent
the radius of curvature of the central region of the coriepending on the number of
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spots treated, by the number of rings treated and by their diameter (McDonald et al.
2002; Hersh 2005). This is shown in the scheme of Ei. where D stands for
dioptres. The consistency of the procedure relies upon sefaetaks: the probe
penetrates into the cornea and cannot pierce it, since an insulated-coefted
governor prevents a deeper treatment.

8 spots

1 16 spots
\ (0.75t00.875D)

°1.00t0 1.625D) |

s 6mmOZ
o 7mm OZ
8 mm OZ

(]

24 spots
(1.75t02.25D)

32 spots |
°(2.375t03.00 D)

Conductive Keratoplasty Nomogram
Fig.24

Additionally, heat is not applied directly to the surface of the cornea but is generated
within the tisse on account of the resistance of the stromal collagen fibres. The tissue
is raised to a certain temperature and kept so for a preset time, which causes the
collagen fibres to shrink without totally denaturing the protein. Finally, the process is
seltlimiting. In fact, collagen exists in a triple helical form in which the peptide
chains are stabilized by hydrogen bonds (Cowin and Doty 2007)-ihtkated
denaturation of collagen is an irreversible fatecess wherein the native helical
structure is transimed into a more random, coiled structure. The corneal collagen
denaturation kinetics is known to depend highly on the temperature/time history
(Brinkmann et al. 2000) and the potential to achieve maximal collagen denaturation is
dependent on the type oarget tissue (based on collagen content, density, fibre
orientation, etc.), on the temperature and on the time (duration of treatment). Once
maximal collagen denaturation has been achieved at any given target temperature
increasing the treatment time doeot result in further collagen denaturation (Wall et

al. 1999), and in this sense the CK process is completely selflimiting.
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FE modeling and analysis

With the aim of analysing the pesperatory evolution of the CK surgery, a suitable

FE model has beerreated. On account of the findings from the previously cited
works regarding the human eye, in the present study it has been judged that the
modelling of the sole cornea would have sufficed to the scopes of the analysis. The
shape of the cornea was genedaby means of a rotation about the optical axis z of a
corneal profile with varying thickness, following the path by Fernandez et al. (2006).
To this purpose an ad hoc ANSYBrocedure was developed and the solid model was
successively meshed by meansA6f000 standard-Bodes hexahedral elements and
53,557 nodes (Fi@.5) within a kinematically linear framework.

. @

=/

[J Optical Zone
B Intervention Spot

a) b)
Fig. 25

In order to reduce the computational effort, only one quarter of the cornea was taken
into consideration, relying upon appropriétundary symmetry conditions on the/x

and the yz planes (Fig2.6). The cornedimbus transition (Elsheikh et al. 2006) was
simulated by edge rollers inclined of about 37° with respect to the limbus plane, a
value found appropriate by Anderson et alndarson et al. 2004). Essentially, this
means constraining a radial degree of freedom and preventing a circumferential
expansion of the limbus. In fact, limbus is a quite rigid tissue and a circumferential
expansion is not to be allowed.

In order to simudte accurately the CK surgical procedure and its subsequent effects, a
geometry representing a pathological hyperopic condition of about 0.75 D,
corresponding to an overall diopter power of about 50.27 D, was adopted (Lanchares
et al. 2008). The referen@@nfiguration is the natural one, i.e. under IOP pressure.
However, it must be pointed out that, despite its high flexural deformability, the
membranal deformation of the cornea under IOP is not very significant, as shown both
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by inflation tests (Elsheiklet al. 2008a) and FE models. In particular, Bryant and
McDonnell (1996) evaluated different laws to describe the mechanical behaviour of
corneal tissue by membrane inflation tests, increasing the IOP and varying its values
in a fixed range and Pandolfi aiMthnganiello (2006) used their FE model to simulate
the Bryant and McDonnell experiments, applying a uniform pressure to the internal
surface of cornea, ranging from 0 to 30 mmHg.

Symmetry Conditions

Symmetry Conditions

Fig.2.6

The thermal shirking of collagen tissue has been replicated thranginelastic
distortion applied to the elements at the intervention spots and kept constant. In this
manner, an equivalent representation of the thermal lesions was achieved by means c
an adequate setting of the distortions.

According to the CK nomogramsed in surgical techniques, in the present study an
annulus with eight intervention spots, which is normally employed for the correction
of a defect ranging from 0.75 to 0.875 D (see Rgl) was first taken into
consideration. Figure®5 and2.6 showthe position of the annulus and the symmetry
conditions assumed for the FE model.

In order to preemptively estimate the magnitude of the displacements associated to
the required steepening of central cornea, according to the number of points indicatec
in the nomogram, an analytical procedure along the line of reasoning of Wang et al.
(2007) has been employed and the value of the fictitious thermal load has been
established.

With reference to Fig2.7, sayR the radius in the initiaconfiguration. The relative

dioptric power can be calculated by means of the Munnerlyn expression (Munnerlyn
et al. 1988), i.e.
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p=""1 (2.4)

RO

wheren is the corneal refractive indexn=1.377 .

Pre-Operative Corneal Profile

Post-Surgery Corneal Profile !

Intervention Spot P

)

a Plane— - I i

10

Fig.2.7 Pre and PosOperative corneal profiles

By considering the corneal caps above ¢helare passing through the spots annulus
before and after deformation, it is assumed that both are spherical and that their are:
remains the same, so that

Spre = Shost (2.5)
WhereS,.=2rRhand S =27 R h

It follows that

h —h Rﬁ (2.6)

h; being the height of the deformed spherical cup. In this expre&sigradius of

the deformed spherical up) can be calculates byq. 24 by imposing
D; =D, +0.875where 0.875 D is the upper bound of the corrected dioptric power

following an eightspots CK treatment and
h=R-R-P (2.7)
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The mean circumferential strain results

_ _Cf_q _Zﬁ(rf -1)

g = 2.8
% C 2rr 28)

wherer, =R, —,/R?- h?

Since it can be sef, =C +8Lg,,, whereg,, is the local strain at the elements

representing thatervention spots, whose lengthLisit follows

21 €y T,
= Z06 i 2.9
Eoo aL (2.9)
So that the estiated value of the required thermal load;, is
£, = Ay AT (210

wherea; is the thermal expansion coefficient.

According to the surgery, the footprint of the CK lesion in the modelled cornea has
been extended to about 80% of its depth as showigir2.8 where the stress field at

a treament spot in the FE model is compared to the image of the experimental
readings in a pig corneal tissue.

SY
Cylindrical C. S.
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The changes in the cornea curvature and in the relative diopter power have beer
evaluated as follows. The displaced positions of the nod#ivisual zone (about 6

mm diameter) have been interpolated at each time istdpy means of a best fitting
process through the symbolic code MATHEMATIEA(Wolfram 2003), thus

obtaining a profile functioP®(r). Successively, thiocal curvatureC”(r) and the

mean curvature radiuR" of the selected zone have been evaluated through the
following formulae

o PO, (PP |
CV(r)= p [1+[ pe (2.11
and
() _lr i) _ir 1
R _rojFé (ndr== J—C(‘)(r) dr (2.12)

wherel is the span of the visual arc.
Successively, the resulting diopter power has been calculated using the Munnerlyn
expression, Eq. 4.

Mechanical Results and discussion

Discussionof analysis outcomes

As stated before, the objective of the present study has been to investigate the pos
operative stability of the imposed dioptric correction and to this purpose first the
effects of stress relaxation or creep phenomena around eacheitton spot on
account of the viscoelastic constitutive behaviorof corneal tissue have been analysed
Both von Mises equivalent stresses and strains have been evaluated, as shown i
picture below Fig. 9.)
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Von Mises Stresses Von Mises Strains

Fig. 2.9 Numerical results. von Mises equigal stresses [MPaleft) and strainsr{ght)

For each timestep i of the non linear analyses, von Mises stresses and strains have
been computed and their overall mean value has been then derived as follows

(i) 1< 0) =) 13 @)
oV =g =20V, &V =525V, (213

2V 2V
j=1 j=1

where N is the total number of elements over which the average values are calculated
I is the generic timstep,V, represent thg-th volume element ang{’ and £ are

the von Mises stresses and strain related tp-tihelement, respectively.

In Fig. 2.10, top, a plot of the mean stress andistintensity at 0.8 mm around the
intervention spots versus time is shown, and a relaxation can be observed in the tissue
which confirms previous observations (Esquenazi et al. 2006). The evolution of Von
Mises strains highlights first a swift decreasevalue, followed by a slow increase
given by the creep behaviour. These results suggest that the viscoelastic response ¢
the cornea tissue, in conditions of stress relaxation, fades in a few days and does no
contribute to the long term partial reversithe imposed correction.
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Fig. 2.10: Homogenized von Mises stresses and strains at the intervention spot verstggime (
Dioptric power versus timebtton)

In Fig. 2.10, bottom, a plot of the dioptric power versus time is also shown and
indicates that it tends to increase in the immediate jopstrative period and
successively stabilizes at a constant value. This finding reveals that in the long term
the curvature of the visual zone is substantially unaffected by the relaxation of the
corneal tisge and that in any case the initial trend due to the creep acts in the opposite
way of the observed average decrement
also reason from a mechanical standpoint for the immediate corneal steepening in
rabbits cornae observed after CK by Esquenazi et al. (2006).

The attention has then been focused on the amplification of the stress field induced by
the stress gradients which are kindled about the treatment spots by the CK distortions
As shown in the Fig.2.11, the zones surrounding the treatment spots show a
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considerable stress increase with respect to the stress induced by the normal intra
ocular pressure of 158 mmHg.

(a)

i1
.008814 010175 .011535

.012896 .014256
.009495 .010855 .

012215 013576 .014936

(b)

IS I — "
-.243412 -.087095 .069221 225538 .381855
-.165254 -.008937 14738 .303697 .460013
Fig. 2.11

This fact, that is a stress intensification which on average is more than twelirefol

the normal one, suggests that the webedling is very likely to play the major role in

the commonly observed decrease of the initial degree of the refractive correction, on
account of the replacement of myofibroblasts by normal keratocytes timait diave

the capacity to resist tension (Esquenazi et al. 2006). It is worth noticing that the
present study seems to be the first to provide a quantification of this stress
amplification phenomenon on the basis of a straightforward and reliable modelling
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In fact, the accuracy of the FE analyses carried out is confirmed by comparison with
experi ment al readings. Actuall yinthe®dlg di
Lamp photograph of cornea, at 1 hour after CK treatment, are visible as smallesurfac
of leukomas, with the lines of tension or striae connecting the treatment of spot. These
lines of tension are responsible for the tightening of the peripheral cornea and the
subsequent steepening of the central cotnEay. 2.12 shows how the adopted FE
model successfully captures the cinching effect among the intervention spots.
Additionally, a comparison between the FE radial displacements, which depict the
steepening of the central part of the cornea, and an orbscan postoperative topograph
of a CK-treated eye, confirms an accurate modelling of the phenomeno2 (B3Y.

SX “Cinching” Effect

Cylindrical C. S.
Slit-lamp view

.

Ophthalmology 2002; 109 pp.1986

I
.453889
8 .51

Fig. 2.12
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UX .
Spherical C. S. Central Corneal Steepening

Opfthalmology 2002;109 pp.1986

1
-.034152 -.026254 -.018357 =.010459 -.002562
-.030203 -.022306 -.014408 -.006511 001387

Fig. 2.13

The sharp increase in both the value of the stress field and of the gradient is evident ir
Fig. 2.14, where a comparison of von Mises stress field and gratiemteen
physiological status (IOP) and pa3K intervention at the intervention annulus is
shown.

10P only
CK treatment

von Mises stress gradients

(absolute values)

von Mises stress field

Fig. 2.14
Finally, Fig. 2.15 shows the results from the FE modelling of three different
treatments, according to the nomogram of Big: an eight spotsg sixteen spots and
a twentyfour spots intervention. In all these simulation the modelling of the lesion
was kept the same. The amount of obtained correction is depicted ihllE@nd it is
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evident that the results from the FE analyses are within @hger of the clinical
readings by McDonald et al. (2002).

Interestingly, the intensity of the stress field surrounding the lesions results of the
same order of magnitude in all three cases, thus suggesting that on the whole from ¢
mechanical standpoint th@oundhealing and the associated decrease of the initial
degree of the refractive correction is liable to be a local phenomenon. In other words,
the fact that the observed decrease in correction is proportional to the initial degree of
hyperopia seems tepend on the wourdkealing at a large number of spots and not

on a noticeably different value of the stress field.

8 Spots 16 Spots 24 Spots

Von Mises Stresses

Radial Displacements

Fig. 2.15
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The influence of micrestructural anisotropy

Notwithstanding the fact that anisotropy plays an importanta role hia t
characterisation of the corneal tissue, in order to show its scarce relevance with
respect to the performed investigation, a comparison between the results of some
analyses on a FE anisotropic model of cornea and the previous based on a FE isotropi
model is shown. In particular, the way in which the anisotropic behavior of corneal
tissue affects the FE analysis of an esglots CK intervention has been analysed.

As mentioned before, the corneal mechanical behaviour is to a certain extent affected
by theorganization of collagen fibrils into the corneal stroma.

With the aim of evaluating the sensibility to the corneal anisotropy of the adopted FE
model, CK analyses have been conducted accounting for the trasvésteopic
mechanical characteristics ags in previous works by Gefen A. et al. (2009).
Considering the elastic moduli in a spherical coordinate system, constant values

E, =4.5MPa andE,, =2 MPa have been assigned in the radial and meridian

directions, respetively, while the longitudinal elastic moduli has been seEgs= 2

MPa at the center of the cornea with a gradual increase toward the periphery, until a
value of 7 MPa in correspondence of the lindatera junction. The values assidrte

E. . Ex. E,, arelisted in Table 2. The shear modulus is s&as 0.2 MPa (Gefen

[

A. et al. 2009).
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Mechanical Properties of corneal tissue
e | omee €, [ B, | R
apex (mm) | [MPa] [MPa] [MPa]

1 0-3 2 2 4.5

2 3-4 2 3,5 4.5

3 4-5 2 5 4,5

4 5-6 2 7 4,5
*The orthotropic material properties refer to Gefen A. eP&0Q)

Table 2 Material properties at different corneal zones (Gefen et al. 2009)

Fig. 2.17 shows the distribution of the elastic moduli in the FE model.

Mechanical Property of Anisotropic Model

D Zone |
- Zone 2

@ Zone 3
. Zone 4

Fig. 2.17 Allocation of zones characterised by different mechanical properties

Following the samermpcedure of the isotropic case, the modification in the refractive
power due to CK has been calculated in the elastic range. The comparison between th

results from isotropic and orthotropic cases is reported in Taf&®3nd R™ are
the mean radii pre and post CK simulation treatment respectively, wHeféamnd
D™ are the equivalents dioptric powe#D is the corrected refractive power

8 Spots Treatment
Rpre Rpost D pre D post 5 D
Isotropic 7,52129 7,40107 50,1243 50,9385 0,8142
Orthotropic 7,3731 7,256 51,1318 51,9570 0,8251

Table 3 Results from FE &pots treatmentsotropicversusanisotropicmodelling
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The percent error in the dioptric correctian, results

ADISO _ AD Ani

&p :T:LB% (214)

where AD*® and AD*" are the corrected dioptric powers, as shown in Table 3.
Figures2.18 and2.19 show the radiatlisplacement maps from the isotropic and
anisotropic8-spotsmodels, and the equivalent stress intensity in the tissue around the
CK intervention spots, respectively.

Radial Diplacements

Isotropic

o
034152 -.026254 -.0183
-.030203 -.0223

Fig. 2.18 Radial displacements [mm] of the corneal surface from FE: isotropic verisadgrapic
modelling
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Von Mises Stresses (MPa)

Isotropic Orthotropic

Fig. 2.19von Mises equivalent stress fields [MPa] from FE: isotropic versus anisotropic modelling

The similarity in the observed behavior is such to suggest that the anisotropic behavior
does not affect significantly the responséhie CK and the viscoelastic analyses can
be meaningfully conducted under the assumption of isotropy.

Multiphysic characterization of Human Cornea

State of art on theltermo-mechanicalcharacterization of corneal tissue

As mentioned above, from the FEMmsilation of CK procedure on the human
corneal tissueif has beershownthat the viscoelastic properties of the cornea do not
contribute to decrease the correction at all affiect the results in the first ten days
after surgery to a degree of less tl. Several studies presented in the literature
highlighted how the soft biological tissjainder nephysiological heatinggould be
damaged.

To comprise this issue iaur model, a coupled thermmechanical analysisasbeen
developed.

The mechanical prapties of collagenoustissue and its constituent materials are
importantto take into accounttahe same timeéhe morphology, themechanicaland
thermal behavior.In this respectmany efforts have beespentto understand both
mechanical and thermal prapes, and their rules on the thermal treatment of
collagenous tissues.

Moreover he temperature influence aifferent properties of corneal tissue (thermal
damage, hydration an tensile state levels) have been investig@gdno et al.
(2005) assumethat the temperature reached in the cornea during CK could overheat
the tissue anaould cause corneal necrosis leading to regression of the refractive
effect achieved by therocedure. By means &E simulation they studied the electro

thermal behavior ofhie cornea, highlighting that the maximum temperature exceeds
55



100° C (temperature of carbonization and perforation injuriegpositeto what
McDonald et al.(2002) claim during CKireatment,that isthe tissue resistance to
electrical current flow genered a localized heat smallethan denaturation
temperature value. Previously by similar approdrjano et al. (2002) have
investigated the influence of several physical parameters on the temperature
distribution in the corneal tissue, comparing the dinwrisize of CK intervention

spot lesion with irvitro experimental results on rabbit eye.

In this sense the simulation of CK thermal effect on corneal tissue, as shirking of
collagenous structures, the temperature distribution or relative damagingesequir
detailed features on previous maléls a matter ofact, the effects othe overheat

on biological tissueannad be easily summarized because the shrinking of structures,
the thermal damaging and the phase change appear too. As well established by th
scientific community, the high temperatures in biological tissues are closely related
with tissue damages and then with their mechanical propeftissii and McGrath
2003).

Many efforts have been made to understandatieve mentionedharacteristicsfor
instance water vaporizationchanges in the electrical and thermal conductivities of
corneal tissue have been taken into accounddynd Aksan(2010) In their FE

mode| starting from temperature distribution during CK treatment, they evaluated the
accumulation of thermal damage in corneal tissue surrounding the pegltechinto

the corneal stromap define the success or the failure of the CK therjbyid-
dynamial approacks are used tmvestigate how the presence of heat laminar flow,

in the anterior chamber of eye, affect the temperatuteliision in the corneal tissue
introducing the anisotropic corneal thermal conductivityKarampatzakis and
Samaras2010).

Since numerous therapies exploit the hiedticed denaturation of collagenuwsttures

to modify the mechanical behavior of tissumany authorsareworking to describe

the thermemechanical behavior of soft tissueStylianopoulos et al.(2008)
introducing in their analytical model both thermal and mechanical variables, have
devdoped a methodology for studying the subtle kinematics of thermal denaturation
of collagen tissue antb predict the thermanechanical response of homogeneous
collagenous tissudBaek S. et af2005) report the results for biaxial stress relaxation

of collagenous tissue, highlighting changes in the viscoelastic behavior due to heating.
Many ahers studied the relations between the thermal damage accumulation and
mechanical response of collagenous tisf\lsdn A ang McGrath J2003,Aksan A

et al.,2005),but there ar@ot specificFE modeling to describe titaermo-mechanical
behavior of thestssues.
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As mentioned abovein living tissues, this material tinrgepending response can
interfere with biological timelepending remodelling, growth and morphogese
processesthus modifying the tissue structurand its mechanical features over time
(Cowin and Doty 2007)The actual overlappingf material and biological responses
depends on the ratio between the characteristic times by which the two phenomene
evdve, namelystress relaxation and tissue miestructure changed-urthermorehe
temperature has a dramatic influence on rates of viscoelastic response of soft tissue
too.

The human body regulates its temperature within a narrow range about 37°C, for
above and below this body temperature cells and proteins tend to lose their structure
and hence function. For this reason, there has tended to be little motivation over the
years to study thermomechanics of soft tissukkst of innovative medical
applicatiors have been motivated by two simple observatismpraphysiologic
temperatures can Kill cells (e.g. malignant cells) and they denature proteins (e.qg.
collagen, which shrinks when heatedihe effects of heating collagestructuresare
dependent on the tgrarature at whiclthey are heated. In fact moderate heating can
resultingin a local unfolding within the protein that is reversed upon the restoration of
normal temperatures, whereas severe heating results in -alépeadent irreversible

and rapid transirmation of the native triplaelix structure, into a more random
(coiled) structure@owin and Doty2007).

It has been shown that with exposure to thermal loading, the biomechanical
characteristics of collagenous tissue are {iemeperature and load depkemt WVall

MS et al, 1999. Several works studied heatuced shrinking both treated and
normal corneal tissue whereas others investigtite influence of thermal history on

the nonlinear constitutive respons¢Spoerl E et ak004,Beak S et al2005) The
viscoelastic behaviaof collagenous tissues is independent of the temperature history
around physiological temperature, but suphgsiological temperature triggers
changes to quasi strarate independent behavioBrinkmann R et aR000;Beak Set

al. 2005).As a consequence, from the thermechanical point of view, a preliminary
evaluation is needed for assessing the possibility of separating thermal with
mechanical effectsWith this aim in the next chapter is describa FE therme
mechanicalapproach to characterize the response of corneal tissue during the
Conductive Keratoplastic surgery.

FE Conductive Keratoplastic simulation: thermo-mechanicalapproach.

Starting by the corneal model utilized in the previous analyses and described in the
previous paragraphs, in the following a simple FE coupled themezhanical
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procedure is described. Theyidea is to simulate both the thermal effects during the
surgical procedure, developingteansient heating and cooling phases, due to the
radiofrequacy current flowsMcDonald et al.(2002) and alsoa thermal damage
accumulation functionwhich will influence themechanical behavior of corneal
structures in posbperative evolutionThe hypothesis of our moded to consideran
elasticconstitutivebehavior of soft tissueas function of thermal damage, amdnear
viscoelastic propertiesot affected by the heating histdrythe postoperativeperiod

In the following, startingrom treatment on théhermal denaturation of collagenous
tissues, a FEapproachto simulate both the thermal damage accumulation and it
effecs on the mechanical properties and mechanical resportbe cbrneal structure
are described.

Thermal denaturation of collagenous tissue.

Collagen is the major component of collagentssue which it provides the principal
structural and mechanical support in the tissue. Uredérermal load, with the
increase of temperature, the hédiile intramolecular crosdinks in collagen are
gradually broken, and the collagen undergoes asitran from a highly organized
crystalline struaire to a random, gdike state.This process iknown as6t her ma
denaturation6, which appears according
denaturation of collagen, there are not only structural gggnbut also changes in
collagen hydration which may involveleaseof water initially and, absorption of
water later. Not surprisingly, thermal denaturation of a collagenous tissue can lead to
remarkable changes in the mechanical, thermal, electrindl,optical properties.
More studieshave beenpublished to describe the temperature dependent tissue
denaturation, for example, cartilage and bdre shrinkage of collagen due to macro
scale thermal denaturation can be used as a convenient continuumah#termal
damage.Diller & Pearce (1999) pointed out that the dimensionless indicator of
damage Q i s t he l ogarithm of t he rel-ativ

denatured collagen) in the collagen denaturation process:

_n[ €O
Qt) =In [ 50 ] (2.15)

where C(0) is the initial concentration and(t) is the concentration of utkenatured

collagen remaining at time
Then, the degree of thermal denaturatidpag(t), defined as the fraction of denatured

collagen, can be calculated as:
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C(0)- C(1)

Deg() = o)

=1-expEQ (t)) (2.16)

As for the calculation of thermal damage, the Arrhenius burn integration proposed by
Henriques & Moritz(1947)is widely used. They proposed that skin damage could be
represented as a chemical rate process, which could be calculated by using a firs
order Arrhenius rate equation, whereby damage is related to the rate of protein
denaturation(k) and exposure timgt) at a given absolute temperatuf® . The

measure of thermal injury was introduced and its katas postulated to satisfy:

(T) = ‘L—? - Aexp(— :‘;‘r J 2.17)

Or, equivalently

Q= !Aexp(—%) dt (2.18

wheret is the time after the starting of heatinfis a material parametefréquency
factor), E, is the activation energy and R=8.314 J/mol K is the universal gas

constant. These parameters can be derived experimentally from DSXteétet al,
2008)

FE modeling of corneal thermal damage accumulation

The aim ¢ this paragraph is to model the effects of heating and relative damaging
during the Conductive Keratoplastic surgery. To tlisn a coupled thermo
mechanical analysis has been implemented in ANSirfiie element code.

In this case, the sole cornea modskd in the previous analysis, was meshed by
meansof 3D Thermal solid elementSOLID70that allow to implement the coupled
analyss: in factthe FE modelused in thermanechanical analyses consisf about
30,000 8node hexahedral elements and 35,00Cs{dyure 20).
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Symmetry Conditions

Fig. 2.20 FE model

As mentioned, many efforts have been made to understand both thanchal
mechanical properties of collagenous tissue, but few works are concerned the effect of
CK heating on the corneal tissue.

For example Berjano etal. (2002) investigated the influences of certain physical
parameters (such as the thermal conductivity of the cornea, the curvature of the
cornea, and the insertion depth of the electrode into the cornea) on the maximum
temperature reached in the tissuginly RF heating with a nepenetrating probe.
They also compared the size of the predicted thermal lesion in the ¢assaeaed to
correspond to the 100°C isotherm) to experimental measurements. Later on, their
numerical model was used to predict theritield damage in the cornea due to RF
heating using a ringhaped electrodeBérjano et al, 2002. More recently Jo and
Aksan(2010) have developing a3 FEM model that incorporates the cornea, the
aqueous humor, and the RF electrodes to obtain thedratsmperature distributions

and the resultant thermal damage fields in the cornea during simulated CK procedures
The numerical model incorporated the effects of collagenous tissue denaturation,
vaporization of water at 100°C, and the resultant chamgtéeielectrical and thermal
conductivities of the cornea tissue. The effects of clinical parameters (RF power
setting and pulse duration) on the extent of thermal damage were investigated and the
simulation predictions were compared to in vitro experi@emnésults published
previously byLi and Aksar(2010).

Karampatzakis A and Samaras(Z010) have developed a FE model of cornea, where
they have considered the influence on the temperature distributions both of the blood
perfusion and the metabolic hegneration rate.

In our work we have simplified the model, neglecting some heat generating variables
that are not significant during RF heatingo (B and Aksan A2010). We have
considered the mean body temperature for the corneal tissue (about 37°€yermatl s
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convection parameters are imposed both on the c@meaous humor junction than
on the corneair interface Aksan A 2010). On the lateral surface of model a null
thermal flux has considered

D Null Thermal Flux

D Cornea-HA Interface (4ksan 4,2010)

ornea-Air Interface (4ksan 4,2010)

Fig. 2.21 Thermal boundary conditions

The thermal paraeters used in FE analysis refer to worlA&san Ael al (2010)and
Kampmeier Jet al. (2000).

As mentioned above, we consider a transient thermal load applied on the CK surgical
intervention spotsHig. 2.5) in accading to the curve showed below
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Fig. 2.22 Transient thermal loaklistory
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During the analyses, for each time step,tttermal damagefunction of temperature
distributionT.(X) and timet, was calculated by the relation below:

At

0.00- | (T(9 D= | Aexr{—%] dt

0 ' (2.19
By setting a stepped thermal load for each time step, the relation above can be

rewritten:

Q = Aexp(— Es j tjidtz Aex;{—E}At
RT3 RT (2.20)

The thermal damage accumulaticat the end of CK treatmerran be obtained by
adding eacHh; through the formula:

Q=Zn:§2i =i If(l’i(g(),t)dt. (2.21)

i=1 At
The pictures below show the temperature distributioh=e0.9 se(point A in figure
2.22) and the thermal damage accumulation post thermal load hiterg 6eJ):

Local temperature distribution AN Local Arrenius damage accumulation AN

m— s o
83.718 018704 3.53059 7.04247 10.5544 14.0662
& 393 1.77465 5.28653 8.79841 12.3103

15.8222

Fig. 2.23

Coupled Mechanical respons#uring CK surgery (Modelling of non linear

mechanical response during thermal damaging)

Respect to the mechanical analyses presented in the previous chapters regard the C
surgical intervention, in this paragraph the mechanical behavior of corneal &ructur
coupled with the thermal analysegl be discussedStarting from the thermal damage
accumulation defined above, through an ad hoc ANSYfocedure, a linear
viscoelastic response of structure overdhmgicaltime has been modeled.

62



To implement the dcoelastic constitutive behavior in the solver it was necessary to
setup on the one handhe local elastic behaviand on the othethand,the local
viscoelastic parametersge figure?.3).

For the viscoelastic properties we assumeithat {eraperéute dependence, while
the elastic response of tissue is strictly dependence on the heating or thermal damage
Accordingly by considering the thermmechanical experimental test performed on
collagenous tissue b&ksan and McGrath (2002 was possible toelate the Young
modulus with the thermal damage accumulation.

From their experimental resuliscan be established thawith exposure to thermal
loading, the collagenous tissegperiencesn initial increase of about 2@0% In its
tensile modulus (EJpllowed by an exponential decreasefiere"the thermal loading

history is represented by an Arrhenius type damage integfal"as shown in the

picture below:

130 -
120 4 . {i}
110 4 Q(r)=JAe Rl dt
100 0

(a)

E [MPa]

Fig. 2.24 Soft tissue tensile modulus versus damage accumulation

Thes resultsallow us to implement the procedures to obtain the Young modulus
distribution into the corneal structute Q.(X),t , for each time stepth.

To perform the viscoelastic non lineanalyss, we consider an elastic response
depenénton temperature distribution (instantaneous shrinkage achieved via heating),
by seting an instantaneous thermal expansion coefficierftrakdi et al, (2010). In
particular the corneal Young modulus distribution refers to maximum heating point,
beforethe cooling phaset = 0.9sec. In the pictures beloyfigure 2.25) are reported
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the Thermeelastic distortiorand theY oung modulus distributiaat same time step
t=0.9sec.

Young’s modulus distribution [MPa] AN

— @ =
2.82044 2.95218 3.08393 3.21567 3.34742
2.88631 3.01805 3.1498 3.28154 3.41329

Thermo-elastic distortion distribution AN

-.017446 -.012624 -.007802 -.00298 .001841
-.015035 -.010213 -.005391 -.569E-03 .004252
Fig. 2.25

The viscoelastic parametdras beesetby theexperimental relaxation test @éng et

al., (2001), se€Tablel. In order to reduce the computational effort, same boundary
conditions, used in previous analysams;e beerapplied(Fraldi et al.,2010).

The aim of this first coupled analgs according to the CKnomogramsused in
surgical techniquesfigure 2.4) is to simulate onlghe correction defects ranging from
0.75 to 0.875 D applying an annulus with eight intervention spots. The relative
dioptric power will be calculated by means of ivelyn expressionMurrelyn et aj
1988), in the posbperative time ranging from coaephaseto 24 Months' time
(McDonald 2005). For each time stejph, the expression can be written by

D(x,) =

2.22
R(x 1) (e22
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Wheren is the coneal refractive index (n=1.377) anbet changes in the cornea
curvatureC®”(x,t) and the relatie radius R”(x t) hasbeen evaluatedy means of
theequation€Eqq. 2.112.12.

Thermo-Mechanical Results

As statel before, the objective of this paragraphto investigate if the thermo
mechanical analysisvas capable to reveal partiar physical phenomenanot
highlightedwith the previousimple mechanical implementation.

Respect to the previous resultginly the latter thermanechanical resulthodify the
point of view on the rules of viscoelasticity the post surgical periods) fact the
stress relaxation phenomena not fades in a fewlddytis smeared over the time.

In figure 2.26 a plot of the dioptric powerorrection() versus time is also shown and,
contrarily with the previous statemerfseefigure 2.10- botton) , it indicates that it
tends to increase in the immediate posérative period and successively decay over
the time.
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Fig. 226:

At the latter is associated an immediate corneal etésg, observed b¥squinazi et

al. (2006) in the rabbits corneawhich however it changes in this case figure 2.25
(bottom).

The thermal effect due to the CK procedusad relativemechanicalresponse of
cornealstructure means thathe stresses values into the cornea are on one hand, as
previous analysis, greatly respect ttee stress induced by the normal intraocular
pressure of A8 mmHg,and on the other one are not localized in a neighborhood of
the spotsbut distibuted in all corneal structure as shown in the figure.2.27
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= _
-.243412 -.087095 069221 225538 .381855
-.165254 -.008937 .14738 303697 460013

(®)

S — |
-1.39058 -.583776 .223028 1.02983 1.83664
12 -.987178 -.180374 .62643 1.43323 2.24004
Fig. 2.27

Finally figure 2.28shows theesults from the FEnodelng of the amount ofchieved
correctionin the case of eight intervention spg¢samilarly previous mechanical case
Fig. 2.16) and it is evident thait is within the range of the clinical readings by
McDonald et al(2002)
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Fig. 2.28:

Conclusion

In this chaptera numericalanalygs of the conductive keratoplasiy hyperopic eyes
has been carried qutthrough a simple mechanical and a themmchanical
approacheswith the aim of investigating the decrease in the initial deguade
refractive correction commonly reported in the pagterative followup. First the

attention has been focused on explorngossibleinfluence ofthe viscoelasticity of
the corneal tissue and stregadients induced by the CK intervention on the §tgbi
of the correction, by avoiding unnecessary complications whigdht obscurethe

essential behavior of the mode;, next the influence of thermal damaging of tissue has

been simulated. Aie simulationhas not been aimed to model the comphe&ractions
among all the biological and mechanical factioslved in the phenomenon, but, as
most models in physicéias intendedo insulate the effect of viscoelastic behavior in
both analyss types. Clinical and experimental findings confirm the qualitative
behaior of the solution and the results suggest thatvtbeoelastic properties of the
corneaare influenced by the heating tissue, #matit affecsthe surgicatorrection in
the long termIn both simulatios, the stressamplification in thezonessurrainding
the CK hints that thevoundhealing is likely to play an important role in the
commonlyobserved decrease in the initial degree of the refractuection too The
study aims to contributed somethermemechanical rootfor the predictability othe

outcome of an increasingly populaechnique that, notwithstanding several
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advantages withrespect to ablative interventions, at present cannot be considered
completely predictable and satisfactory.
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CHAPTERII

MODELLING CORERUBBER COMPOSITES FOR TIRE
APPLICATION

Introduction

Most of modern technologies require materials offering peculiar combinations of
several properties that cannot be found in traditional matériatsthe same timé

such as metals, ceramics and polymers. The idea of coupling different materials
obtaining a ombination with better properties than each component is very ancient:
e.g., mixing straw and mud, our forebears got a very good material for building. In
6composite material so, t h e -pHysica arbpertess mb
which cannot be fouhin the separated components; hence their versatility has made
their use very frequent in several fields (aerospace, building, ship, automobile,
biomedica) etq.

With the expression oO0flexible composi:t
elastomeric ratrix, whose possible range of deformation is much larger than those of
the conventional thermosetting or thermoplastic polybssed composites. Then,
their ability to sustain large deformation, with high load carrying capacity and fatigue
strength, makdlexible composites very used in pneumatic tire construct@ord
rubbercomposites are complex elastomeric composites composed of:

a. the low modulus rubber matrix, characterized by high extensibility;

b. a twisted reinforcement bdulbseanddlawerr d 6
extensibility than the matrix;

c. an adhesive film (named 6di pd) whi c

Such a combination is really effective when the structure needs a high stiffness in
reinforcement direction and also flexibility the plane perpendicular to cords. These
properties are requested in tires, that need strength in the cord direction for holding air
pressure, but also need to be flexible in order to provide a comfortable ride and cut
down on fatigue from bumpy roads.

The performance features of pneumatic tires are mainly controlled by the anisotropic
properties of the cord rubber composite: the-foadulus, higkelongation rubber
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contains the air and provides abrasion resistance and road grip; thenddglus,
low-elongdion cords carry most of the loads applied to the tire in service.

These materials have been studied sinc
widely performed and models (both analytical and finite elements models) have been
developed in orderot get necessary information about the overall behavior of this
material. However, this theoretical investigation has often been performed by using
the classical lamination theory, used for orthotropic materials in the hypothesis of
linear elastic behaviand for small deformations. This means that important features,
such as viscoelasticity and the particular tenswasting coupling of the cords, are
very often neglected.

The aforementioned assumptions represent a limit to the design of tire struittares
requires the acknowledge of the overall behavior of this material. In particular, the
main complexity in studyingordrubbercomposites is due tnonlinearity derived

from:

1) materials nature (elastomeric matrix and polymeric cords, both showmg no
linear viscoelasticityr nonlinear elasticity;,

2) cord geometry (it is not a continuum but a hierarchical structure, whose profile
reorganizes in function of applied loads);

3) cord rearrangement (orientation) in each kind of tensional state, also in
monoxial tension.

Hence we are proped to study the nolinear elastic behavior ofcordrubber
composites. Phenomenological inveatign needs to be supported Hyeoretical
modeling, able to predict the overall behavior of the composite. Such a model,
actudly, is a powerful tool for the optimization of composite material and of the
whole designed structure (in this case, tire and its components). In fact, since this
model, we can easily predict composite (and, consequently, tire) response as &
function of gometrical parameters (e.g. lamina geometry, cord spacing, cord and
matrix content) and cord and matrix features (e.g. cord construction), without using
timeeconsumi-ange rértari@lstrategi es.

Concerning modeling activities, both analytical and Fiitements Method (FEM)

have been used to predict mechanical behaviaroodrubber composites. Several
approaches have been adopted for modeling the constitutive behavior of matrix and
cord. In particular, our attention is focused on two main aspkgperelasticity of

matrix compound and peculiar tensitwisting coupling of the reinforcement,
modeled by using a customized, hybrid analytlBM methodology.
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An Overview of tire technologyand components

Cordrubbercomposites represent a typical exampidlexible composites, with an
elastomeric matrix and a continuous, unidirectional and corded reinforcement. The
development of this kind of materials has its own origins in car industry, since they
are the main elements of plies, giving tire necessé#fgess for carrying the complex

load system.
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Fig 3.1: Components of a Radial tire

Tire performing features can be modulated by varying the orientation of plies.

Bias-ply tires have body ply cords that are laid at angles substantially less than 90° to

the tread centerline, extending from bead to bead

V AdvantageSimple construction and ease of manufacture

V Disadvantage As the tire deflects, shear occurs between body plies which
generates heat. Tread motion also results in poor wear characteristics.

Radial tire have body ply cords that are laid radially from bead to bead, nominally at

90° to the centerline of the tread. Two or more belts are laid diagonally in the tread

region to add strength and stability. Variations of this tire construction are msed i

modern passenger vehicle tire (see Figue

V AdvantagesRadial body cords deflect more easily under load, thus they generate
less heat, give lower rolling resistance and better -bpged performance.
Increased tread stiffness from the belt signiftbaimproves wear and handling.

V DisadvantagesComplex construction increases material and manufacturing costs.
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Bias Ply Radial

The drawbacks of using Bias-
Ply Technology:

The benefits of using Radial
Technology:

= In bias-ply tires the
tread & sidewalls

» Qutstanding traction
due to fiat stable
share the same casing

plies

crown & larger
footprint

+ All sidewall flexing is « Better distribution of
transmitted to the

pressure in footprint
tread, resulting in:

~k |
resulting in reduced
I soil compaction &
+ deformation in the ;
ter flotati
tread contact patch greater totation
« friction with the * Reduced working
ground time due to less tire
slip, greater
.

rapid wear productivity
+ reduced traction + Reduced fuel
consumption
+ higher fuel

consumption « Longer tread life

+ Comfort & handling
on the road

Fig. 3.2 Biasply tire vs. radial tire

In addition to these two types exisie Belted bias tiresas name implies, are bias tire

with bels (@lso known as breaker pljesdded in the tread regioBelts restrict

expansion of the body carcass in the circumferential direction, strengthening and

stabilizing the tread region

V Advantagesimproved wear and handling due to added stiffness itreéle area.

V DisadvantagesBody ply shear during deflection generates heat; higher material
and manufacturing cbas

Industry standards: size andimensions

USA tire manufacturers participate voluntarily in an organization known as TRA, The
Tire andRim As9ciation It establishes and promulgates engineering standards for
tires, rims, and akd parts (tubes, valves, etc.)

Participation and adherence to these standards assures interchangeability o
component parts among RBmetridoe rsa reti ntgi rwea sme
as radial tire usage began to expand iorthN America in the early 1970sSize
nomenclature can be described as follows (see FR)BjeFor aP185/60R14ire, the

AP0 indicates that it is fomlTo,a Iiipalsts e
( Not e: European tire sizes typical8fooy d
i's the nominal section width of 60hoe iisn
the aspect rati o, or A s e rds a parcentagetof tigei v «

section width. Lower aspect ratio tires, e.g., 45, 50, 55 series tires, are primarily used
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in high performance applications but are becoming more popular in conjunction with
large rim diameters for styling enhancements in larger veh e s . ARO i de
construction (ADO for diagonal or4oibi as
the rim diameter in inches.

Ratio of height to width —Radial 7 Diameter of wheel in inches
(aspect ratia) 1 1

'.I \ / f Load index & speed symbol

‘Width of tire in millimeters — f
\ | 5. DOT safety standard code

Passenger car tire ——

[
g
e 5

inflation &
foad limit ¥ Norgoywuy 022 wi?

Treadwear, traction & — N ! Tire ply composition
temperature grades 8 ! & materials used

Fig. 3.3Size Nomenclature

Rubbercompound

Beyond the visible tread and sidewall compounds, there are rharea dozen
specially formulated compounds that are used in the interior of tha&tieg. non will

be discussed in this framework.

Basic ingredientsPolymers are the backbone of rubber compounds. They caisist
natural or synthetic rubber:

Fillers reinforce rubber compounds. The most common filler is carbon black although
other materials, such as silica, are used to give the compound unique properties.
Softeners Petroleum oils, pine tar, resins and waxes are all softeners that are used in
compounds pricipally as processing aids and to improve tack or stickiness of
unvulcanized compounds.

Antidegradents:. Waxes, antioxidants, and antiozonants are added to rubber
compounds to help protect tires against deterioration by ozone, oxygen and heat .
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Curatives: During vulcanization or curing, the polymer chains become linked,
transforming the viscous compounds into strong, elastic materials. Sulfur along with
accelerators and activators help achieve the desired properties

Material design property balanc&onsideing the many polymers, carbon blacks,
silicas, oils, waxes and curatives, plus specialty materials such as colorants, adhesiot
promoters, and hardeners, the variety of compounds available seems endless. /
typical car tire uses about 60 raw materials. H@vethe tire compounder quickly
learns that adjusting one of the properties often affects other performance areas. The
best tread compound for dry traction and handling might be lacking in wet/snow
traction, chip/tear resistance, or fuel economy. Thus, poamds must be
Afengineeredo or Abal ancedo to meet p €
equipment (OE) vehicle manufacturer and the aftermarket customer. . Adding to the
complexity, the chosen compound must be -cosbpetitive and processable in
manufcturing plants

Reinforcement materials

A tireds r ei ntifeeardandrbgad wirearedghe predbngnant load
carrying members of the cerdbber composite. They provide strength and stability to
the sidewall and tread as well as containding@ressureThe type and common usage
are:

Nylon type 6 and @& tire cords are synthetic long chain polymers produced by
continuous polymerization/spinning or melt spinning. The most common usage in
radial passenger tires is as cap, or overlay ply,ettrdrige cap strip material, with
some limited applications as body plies.

AdvantagesGood heat resistance and strength; less sensitive to moisture.
Disadvantages Heat set occurs during cooling (flatspotting); long term service
growth.

Polyestertire cods are also synthetic, long chain polymers produced by continuous
polymerization/spinning or melt spinniigshish kS 2008) The most common usage
is in radial body plies with some limited applications as belt plies.

AdvantagesHigh strength with low slmkage and low service growth; low heat set;
low cost.
DisadvantagesNot as heat resistant as nylon or rayon.

Rayon is a body ply cord or belt reinforcement made from cellulose produced by
wet spinning. It is often used in Europe and in someflairtires as body ply material.
AdvantagesStable dimensions; heat resistant; good handling characteristics.
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DisadvantagesExpensive; more sensitive to moisture; environmental manufacturing
Issues.

Aramid is a synthetic, high tenacity organic fiber produceddiyent spinning. It is
2 to 3 times stronger than polyester and nylon. It can be used for belt or stabilizer ply
material as a light weight alternative to steel cord.

AdvantagesVery high strength and stiffness; heat resistant.
DisadvantagesCost; procesing constraints (difficult to cut).

Steelcord is carbon steel wire coated with brass that has been drawn, plated, twisted
and wound into multipkgilament bundles. It is the principal belt ply material used in
radial passenger tires.

AdvantagesHigh bet strength and belt stiffness improves wear and handling.
Disadvantages Requires special processing (see figure 1.16); more sensitive to
moisture.

Bead wire is carbon steel wire coated with bronze that has been produced by
drawing and plating. Filamentseawound into two hoops, one on each side of the tire,
in various configurations that serve to anchor the inflated tire to théBeach D and
Schroeded, 2000

Cord-Rubber Composite Modeling

The aim of thisparagraphis to examine, through a finite elemt analysis, the
behavior of cordrubber composite specimemnder uniaxial tensile test. For this
reason the next paragraphs not includeeatensive disgssion on the mechanical
properties of rubbern fact only few words will be spent to the implemdiatia of
mechanical behavior, of the uncompressible and isotropic rubber into the simulator.
Whereasattempts have been made to study the behavior of cord rubber composites by
finite element methods as a complement to the experimental and analytical methods

In effect the pediction of the micromechanical properties and interface stresses is
important for the general understanding of composites and can be very useful in the
design and selection of a composite for a particular application. Since the
micromeclanical properties of these composites depend on the features of the
constituent materials, for example, rubber elasticity and the twisted nature of the
reinforcement, it is essential to include their behavior in the analysis mddhels
effects of orthotrpic behavior of cords, cord reorientation, bimodular behavior and
the large deformation of the rubber material were considered in the above FEM
formulation. The approach we adopted for modeling cord rubber lamina finds a new
collocation in the literatureusvey of analytical and FEM models, thanks to the
introduction of a new hybrid analyticREM model.
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Matrix modeling: Non-linear elasticity

Rubber is a fascinating material, with unique properties that make it an essential
component of a pneumatic tireistsoft, elastic, resistant to cutting and scraping, with

a high coefficient of friction and low permeability to gases. We consider here what
molecular features give rise to this remarkable combination of properties and how
they affect tire performance.

All rubbery materials consist of long chdike polymer molecules. The original
elastomeric material (raw rubber) is basically a high$gcous liquid but it can show
elasticity because the long molecules are held together, at least temporarily, by being
intertwined and entangled. The basic reaction in rubber processing is the joining of
long molecules together by a few chemical bonds (crosslinks) to form a loose three
dimensional permanent molecular network. The shape becomes fixed and the materia
is trarsformed from a higlviscosity liquid into an elastic solid@-his joining reaction

is often termed Acuringo, because the
Avul cani zationodo because it is usually
crosslinks between the molecules.

Rubber can often be treated as virtually incompressible in bulk because the modulus
of bulk compression is quite high, about 2 GPa, comparable to that of liquids such as
water, and much higher than the tensile modulusyfically about 2 to 5 MPa.
Consequently, the elastic shear modulus G is approximately equal to E/3, and
Poi ssonds r athalfpabouts0.429Beoasise rulbber is dighty extensible,
smaltstrain elasticity theory using moduli E and G is inadegjuat describe the
response to large strains. Instead, a useful measure of response is the mechanic
energy W stored in unit volume by a deformation

However,even if therubber compounds currently usedtires are seriously inelastic

and attempting to d@eribe their elastic properties with great giseon is probably
unwarranted, in our approach an hyperelastic constitutive behavior has been adopted.
Hyperelastic constitutive relations expressed by definition through strain energy
functions, are appromie to model this incompressible material under gstasic
loading where deformations are not infinitesimal. Rivlin obtained a generic-strain
energybased model for incompressible hyperelasticity, comyn@ierred to (namely

in ANSYS®) as the polynomiahodel, which takes the following form:

W=>G,(L-3)(,-3) (32)
i
The NeeHookean model, dsussed by Trel oar, can in
general formulation with
W =G o(1,-3) (32)

82



taking C,, = 0.5nKT, wherek is the Boltzmann constaril,is the number of chains of

molecules per unit volume afids the absolute temperature.

Mooneyds wearlier work can also be exp
resulting in what is generally accepted today as the Me&min model. Finally,

some outstanding contributions should also be mentioned, namely by Ogden, Arruda
and Boyce as well as Gent who have each proposed hyperelastic models known by
their respectig names.

ANSYS® provides curve fitting tools to obtain material constants for hyperelastic
models from the experimental data. The data can be fed to thgFtEfe Element
Analysis) software in the form of tab delimited strestsain text files of the
manpulated characterization data for uniaxial tension. Comparison between
experimental data and a MoonrByvlin fitting (9 parameters) is shown in Fkige 3.4

-.- Exp Data 1

Stress

T T T T T T T
0.2 0.4 0.6 08
Strain

Fig 3.4: Stressstrain curve for rubber: comparison between experimental data (black) and
Mooney-Rivlin model (light blue)

Corded reinforcement: textile O6cordo

The main features of a pneumatic tire, such as the high specific mechanical properties
flexibility, dimensional and shape stabilities, are due to the typical reinforcement used
in body plies In fact, these are generally reinforced with lsteetextile (polymeric)

cords.

Textile corded reinforcement are complex structures made of hundreds filaments
twisted and organized into substructures. Filaments are first twisted together in
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bundles (yan); yarns are then cabled togetherhiglicoidally structures (on several
levels) called cords (cfr. Fig.5).

a) Single flat’ yam
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Fig. 3.5 Textile corded structures

The hierarchical twisted, corded structure exhibits high specific properties (e.g. axial
stiffness and terile strength) combined with a low flexural stiffness. This is achieved
thanks to the high number of continuous filaments that cooperate in the overall
structure. Furthermore, the main mechanical feature is the tem#giimg coupling

that means that whesuch a structure undergoes an axial load, filaments are both
stretched and rotated transversally to cord .aSieveral pieces of literature (i.e.
Costellg deal with the mechanical behavior of corded structures, in order to define a
constitutive equatioproviding for this coupling as a function of filament material and
structure constructioriwist level, twist angle, cord, yarn and filament radii

In the following,the cord modeling based on Costello's thewitlybe discussed.
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Effects of intrinsic trigonality and helicoidal interface in twisted cordrubber

composites: a multi scale homogenization approach

Mi cro scale | evel: Costell obs model

By the meanings of Costello strand approach, we preliminarily observe, composite at
micro scale level to unddesd filament behaviour within the single yarn. A generic
strand wire arrangement is showrHigure3.6. A global coordinate system is defined

e.e,6 € R, wheree, axis lays on strand axis. Moreover, according toe.o

(Love A E.H, 1944, another orthonormal local frame syster, X,,X, € R® called
principal torsionflexure axe$hasto be defined for every cross sectmfithe wire.

(5]

Fig. 3.6. Generic strand wire arrangent, global coordinate system
and local frame system are also highlighted
These frames are defined by means of the tangent unit vector of the centreline of the
wire X; and by means of two additional unit vectoxs,and X, ,that, together, with
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the former unit tangent vector, constitute the orthonormal frame of the principal
torsion and flexure axes. Specifically unit veckgris chosento be normal to the

bending plane of the helical wiremterline.In the current chapter a simple straight
strand made up of 6+1 wires is adopted to introduce our metfigdse 3.7. The

strand consists of six round section wires, radgiswrappedhelically arounda core,

radius R.. External wires have same geometry and show same helical configuration

The helix angle isx with respectto the strand cross sectioand thelay angleis
p=nl2—a with respectto strand axis, wire centerline helices have radius

r,=R.+ R,. Such configuration represents the simplest wires arrangement in a strand,

multiple layers through double or even multiple helix patterns often o&trand
lengthis assumed long enough awoid end sides influence. Radial contact condition

is initially considered, it means that layer wires do not touch each other and are in
contact only with the core. Friction between wires and core, and eventually between
wire and wire, is assumed to baglh enough to prevent any relative slipterlayer
pressure effect and contact deformationsadse neglected According to rod theory,
generic load generates in wires traction as well as bending and twisting. Only small
deformations are allowed, theredo equilibrium equations are written in the
undeformed state. Wire materialisetropicand linearly elastic defined, it is described

by Young modulust and Poi ss.on6s ratio

Re R

Fig.3.7: Cross section anidont of a 6+1 straight strand
Constitutive Assumption

Method introduced by Costello found on helical rod models approach, that ensures a
detailed evaluation of strand sensitivity to geometrical and wire material parameters,
in terms of linear elastic regpse; such method is chosen because of low complexity

of adopted structure in a way to get a reliable model for strand design. Loads on

structure, with regard to tensile lodel, torque M, and bendingM, , are, thus,
associated to strand deformations, in terms of elongatjaiersion ¢ and curvature
x - Relation is based on definition of wires helix angle their cross sectional
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dimension R, , core dimensionR, and isotropic wire material elastic constants.

Survey focuses on elastic strand response, this is the reason for neglecting any nol
consevative phenomenon, such as friction, wire flattening and plastidibyvever,

Utting and JonegUtting and Jones1987) set specific attention on interwire friction

and wire contact deformations in case of small deformation in a strand, they verified
low influence of such effects on the global strand behaviour. MoreNesvrocki and
Labrosse(Nawrocki and Labrosse2000 performed a research about inteére
contacts based on finite element model; results demonstrated that rolling and sliding
have no inflence on overall mechanical response. In addition it is shown that pivoting
between external wires and core leads axial strand displacement; moreover
comparison with experimental data suggests to consider pivoting as free. Such
remarks permit to describérand kinematics through the degrees of freedom of the
core. Is then possible to describe global deformation by three measures: strand axia
deformation

&= , (3.3

strandtorsiondefined aswist angle per strand unit length

A®
= : 3.4
b=T (34)
and strand bending
1
X=— (3.5)
Yo

where L, and L refer respectivelyo strand length in initial and stressed configuration,

A®is the relative torsiobetween two strand cross deot at L distance around
centreling and ,, is the cengline curvature

Costellowi r e themry(€dstellg G., 1990)specificallyc o mput es Poi ss
effect, it leads to draw completely strand getmy deformed configuration. In this
frame work, such procedure reveals to be the most relitbléeal with linear steps
modelling. In the next section hypothesis of large deformation is introduced, and a
non linear numerical procedure able to generates@uivalent homogenized solid
cylinder starting from generic straight strand constitutive parameters is proposed.
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Single wire kinematics

Axial and torsional load on strand cause deformations in external wires leading from
previousto a new helical configation By constitutiveremarks,is possibleto link
strand deformations to effective deformatiamghewires in terms of curvature, twist
increment andtrandaxis elongation. Les be the arc length alongentreline of a
generc external wire, it is considered, in the follow, helix arc length

s=2krr /cosa in the position along the centreline where bending moment on

strand is coincident withx; axis of the principal torsionflexure local frame, see

Figure 1 Thus, according to the general thin theory.o¥e (Love A E.H.,1944), the
kinematics of a rod and, hence for this particular case of a generic wire, are fully
defined by four parameters:

Ao
tan o

(3.6)

g, =&—

thatis thewire deformation along its axis;

2sin « Ccos«o
Ak, = co S|y (3.7
2+v,cos «a r,

thatis thecomponent oturvature variation in the winelated tox, direction in the

local wire coordinateystem wherev,isPoi ssonds r atsisax, 0 t h
for undeformed configuration;

Ak, '=

w

2sin o cos cos 2sirx co&
_cshe Y Ao+ YRETVWRE 2 ! sin « sir{ SJZ (3.8)

r, r, r, 2+v,co¢ «a N

I.e.thecomponent oturvature variation in the winelated tox, direction in the local

wire coordinate systemwherev, isPoisso®s r ati o of the cor e;

Tw

1-2sirf sina cos 2sin cog
= M & poi Y RETVWRE, SN ~ ! Cos « sir[ SJZ (3.9)

+
r, r, r 2+v,coé¢ o N

that representtorsionalvariation in thewire along wire axis. Helix angle increment
A« and axis wire elongatione,, are related to global strand deformatienand ¢,
throughposition
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— Ew _Aa_i_Vcch-l_VWRNgw
tan o r, tan o

(3.10)

which is therelationthataccounts coupling effect betweendon and elongéon on
strand axis(Costellg G., 1990.

In three of the five equations that describe wire kinematscs) - (3.9), terms appear

that are directly related to strand curvatyre Such terms are periodic on strand
pitch, through arc length measuse They derive from a treatise on pure begdof a
simple straight strand performed Bpstell t hat i s based, aga
theory. Specifically, deformations on helical wires generates by strand curyature
are obtained through a linearization of the equiilim equations permitted by position

v, =0 . However such simplification seems to generate results with good

approximation f or e vEostello((osdleG,d99@ Smdr at i
deformations,are imposed, in terms ¢Aa|<1, wherea is the helix angle in

radiant Starting from wire deformations, for both core and external wires, beam
theory allows to evaluate wire response.

Constitutive equation
By projecting wirs reactionson strand axisexternal strand loadsan be computed.
Hence globally, for a simple straight strand, loadsaxial forceF , torqueM, and

bending momenM, - are relatedo strand defonations- axial straine , twist angle
perstrand unit lengthy , and curvature . It results in axiakwisting coupling and can
be representeih matrix form,troughposition:

F F©° F’ 0 |[¢
M, [=|M? M’ 0 |¢ (3.11)
M| | o o m~yly

Is worth to observe than such frame thegr symmetry in the axiaiwisting coupling

matrix is not preservedy a global point of view axiawisting coupling isintended

as an helical arranged material property, in a way thainsidering a tensile load
applied on a structure pivoting on its helix axis, it reacts wiahgation plus torsion,

this is the case, for example, of a weight hanging from a rope, while in case rotation is
denied structure is subject to elongation and torque, e.g. lift cables, among others; if
an elongation is imposed on pivoting helix axis aats through a tensile force and

torsion, whereas tensile force and torque are generated if rotation is not allow, e.g.
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platform mooring cables; same relations are involved for boundaries condition
involving torque applied or rotation imposed on strand.axi

Sensitivity parameters

Notable aspects of kinematics of the single helical wire are shown in the next by
meanings of proposed model. The most decisive geometrical parameter in a simple
straight strand design is by far the wire twisting anglelt defines in which part axis

loads hae to be split among intrinsic woundre reactions, in terms of local tensile
force, torque and bending moment. Indeed, ratio between core radius and externa
wire radius also largely influences medical behaviour, nevertheless the reason can
be yet readdressed to parametens helix pitch definition highlights:

p=2r R+ R, tan«a (3.12)

In Figure 38, colored curves depict effect of helix angle in a single wire wound
counter clockwise around a cylinder, subject to load on its axis. In a generic strand,
core paicipates in system mechanical behaviour. As first analysis, in a way to
enhance weight of twisting on wire response, core is modelled as a solid cylinder and
its influence is not computed, in this sense the core represents a geometrical constrair
With reference to a generic wire employed in simple straight strand caidésyial is

supposed isotropic, dmogeneous andlinearly elastic Such initial strand
configuration, say itB,, is supposed stress free. Helical wire kinematics lman
completely describeth the principal torsionflexurelocd system,trough axial wire
elongationAg,, helix curvature variatimAx,, Ax', and wire torsional variation
At,. Is worth to note that in case no bending is applied on strand, cursgtune

direction of local axisx, remains nulin every section.
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In many applications strand cables are emgdiogs reinforcing fibres or rope systems,

the relatednodel boundary conditions prescribes no rotation on strand axis and torque
reaction that acts on every strand cross section; however strand wire kinematics is
investigated also in case of free stran@tion, i.e. no torque in every cross section. In

3.8 are highlightedesults related to a defined case, specifications are in the caption. A

small elongatiore is applied to the strandpntinuous lines refer toompletelyfixed

end condition e=¢, ¢=0, while dashed ones to freeotation condition
e=¢, M,=0. Curvesspan in the range of helix angle valaes 0,7/2 .
Although effective low limit isa =arctarj R, /zR+7z R, |> ( it is possible to

interpret model response for— 0, that means to consider the wire wrapped on a flat
circle path. In such condition, axial load on strand works exclusively on wire torsion,
such torsion is positive for counter clockwisdbhaire deformation. Whereas, on the

other range endg — /2, wire tends to acts as aaht rod it means that the
imposed load is totally projected on wire axis. For other configuratibabx
curvature variatiomx ', is also involved. Load on strand axis can cause positive or
negative wire torsion variation. Let helix angle,_, define strand configuration in
which strand axial load is characterized by no torsion on wire axis, its depends
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on relation between Poissond6s ratio in
single wire analysis it results,,_,=7/2. Thus, in case of <¢,._,, wire helical

path shows low pitcihadius ratio, thereforéorsion contributes to strand elongation
through coils spreading. On the other hand, for stretched wiresipath> «,,_,, an
opposite torsion in sign, negative égounter clockwise helical wire, works to unwind

the helix tending totsaight the wire configuratiorStrandelongation enhansewire
elongation despite other wire deformations,as muchas « value increases Such

effect is higher in axial traction applied test, and enhances for hi§HeR ratio
values.

Non-l i near Costell obs model

Linear relation(3.11) furnishes a useful method to comprehend wire properties in a
strand.Indeed following Costellapproach by prescribing small helix angle variatipn

it is possible to correlatstrand deformation and small loadBo predict simple
straight strand performances under large loads, a nonlinear-sgathsi numerical
approach has followed. It develogwdugh linear load steps, each load increment is
applied on undeformed configuration since strand geometry is updated before next
step will execute. By computing for each linear step the Poisson ratio effect, which is
at the base ofostellad mechanics oftrand, the load effects on strand geometry are
considered, even in terms of wire transverse contraction. Equilibrium equations are
thus written for the deformed state.

Numerical Procedure
Proceduredivides loads in a number of steps small enough tosBatiro|<1

conditionfor helix angle variationTake in account therpvioudy presentedstrand
wire analytical modellet B, its starting geometricahitial configuration;when it is

subjecedto small loadsro d 6 s t h e oto calculate axial iwideeslsngatiofe,
helix curvature variatiomx,, and wire torsional variationr,

wo ?

is thus possible to
define a new deformed strand wire geometBf , where helical pitch
P = R 1+Ag,, , Curvature variatioms,, = «,, + Ak, @and torsionAz,, =7, +At,,.

By following same linear approacbne more admissible load step will prodwre
geometryB, another deformed configuration, sayB,twhere a further load step is

allowed. Strand wire in genem8; configuration reacts undét" load step, although
is directly related toB, initial condition itbringsthe effects of the sum of all previous
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steps. Step by step strand traction loads on wire can computed as sum of related load
in each previous single step, while axial and tordioteformation results in

_=i _ﬂand :i h
K ;gjpo ’ ;¢'Lo

achieved.

. Procedure keeps on until prescribed total load is

Helical wire nonlinear behavior
In the follow, numerical process is implemented to draw non linear bemhasia
single wire wrapped around a core under large elongation along the strand axis.

Material and filament arrangement used in pervious analysis, Bj.einitial

configuration, are used; the influence of initial helix angle }o%[ is investigated.

Fig. 3.9a

Figure 3.9a shows, for each™ load step, forceF, on wire ine,strand axis direction,
versus strane, axis straine . Values are normalized respect axial stiffness in straight
wire configuration,E- A = E-2z R. Investigations are made under axial displacement
load, avoiding strand rotatiprreacting torsional momen¥, , therefore, occurs,
Figure3.%.
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Helix angle sensitivity highlights a wire behamccloser and closer to straight wire
configuration, as much ag — z/2. While for o, —» 0 helical arrangeent provides

lower e, axis stiffness and a typical toe region appears for low values of the axial

deformationes . In any case, while deformation rises, global axial stiffness increases
and tends to the valu# the local axial stiffness of the straight wire; moreover curves
tends to become parallel, it happens because of large elongations mean higher hel:
angles, fact that leads to straight wiesponse

Meso scale level: Equivalent trigonal cylindrical met

Numerical procedure exposed before, allows to describe the non linear elastic
behaviour of each wire in a strand starting both from geometrical strand configuration
and isotropic material properties of its components. Substantially is possible td predic
overall strand mechanical performance in the whole elastic region, throughout simple
measuringof few parameters. For a simple straight strand, which consists of one
straight core and a single external layer of surrounding helical wires made of same
isotropic material, only five parameters are needed: they are defined by measuring
core radius, external wire radius, helix angle or pitch and two isotropic material
constants. Thus it is possible to rise to an higher scale level, both form geometric and
consttutive point of view. We are able, indeed, to model complex heterogeneous
strand arrangement assalid cylinder which is equivalento the strand in terms of
overall mechanical responsmnstitute of homogeneous non linear elastic material.

Trigonal Material Assumption

In a way to count axiawisting coupling effect, a material model withigonal
symmetry is chosen to define homogenized material. The classification of types of
linear material symmetries by the number and orientation of the noronids planes

of material symmetry is fully equivalent to the crystallographic method using group
theory. Thetrigonal crystal system has exactly one plane of reflective symmetry. For

an easier treatise we introduce now a cylindrical reference systeinze 2, with

z axis coincident tox, axis in the global coordinate systenfirigonal elastic

symmetry retains, in its canonical symmetry system, eet@sic constants
connecting normal stresséstrains) to shear strains (stresses) and vice versa. In the 6
by 6 matrix of elastic coefficients these cr@dastic constants appear in the lower left
and upper right 3 by 3 submatrices. A representation for the elastic compliance matrix
in the Voigtnotation for a material with trigonal symmetry is
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€2 C. C, C; C,
€00 C, Cp Cy Cy
<3 "y, = Cs Cp Ci Cy
) C. Cu Gy Cyu
g, O 0O 0 O
&y, |0 0 0 O

0O O
0O O
0O O
0O O
Css oo
Css  Cos

(3.13)

An interestingaspect otrigonal symmetry is the symmetiyreaking character of the
crosselastic constanC,, . It is directly related to out of diagonal terms in axial

cougding relation introduced befor@®.11). They depends on helix wire angle when
it tends to z/2 system shows no coupling and the compliance m@rix3) becomes
that for hexagonal or transversely isotropic symmetry, Ge=0. Homogenized

conservative linear elastic material behaviour prescribes symmetry of compliance
matrix. Thus, to use relis computed through relatiof3.11) equality F* =M’ need

to be satisfied. Numerical model based on Costello theory does not ensure such
symmetry, ther®@re only symmetrical part of axidvisting matrix coupling is used to
perform strand monoclinic homogenization, basing on relation:

F° F* 0
M? MY 0 |=
0 0 M%

F/+M°,

0

0

F/-M°,

2
0

F/—M°,

2
0
0

0

(3.14)

Evaluation of negleatg antisymmetric part is computed on helix angle variation

trough the evaluation of ratio:

Fe—M*

(3.15)

For generic strand arrangemeéht ratio tends to zero for external wires in the strand

that getmore and more stight, ratio between core and filament radii does not affect
such behaviour, while ratioetween core and filament Poisson ratios tends to improve
negligibility of antisymmetric part, as much as it assumes lower values. However, in
the common technologicapplications helix ang&havevalues high enougto allow,
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with good approximationto neglectantisymmetric part of the strand constitutive
matrix (3.11).

Parametric corpliance constants

To completely describe conservative mechanical behaviour of monoclinic
homogenized material, it is necessary to evaluate each single constant in the
compliance matriX3.13); numerical model introduced above is able to furnish such
kind of information. Parametric expression of each constant is formulated in terms of
strand parameters ( i.®,R,«, Ev,,v.), by stress and strain measures based on

following relations:

F 2M,
<O-zz> = X’ <O-29> = 7TR4 r (316)
(sa) =2 (o) =(o0) = (o) = @17

where F and M, are axial force and torsional moment orastt ands and ¢ are

axial strand deformation and torsional angle on unit length, related through relation
(3.11); rR,v, and R,,v,, represent filament radius and Poisson ratio in the core and in

the external filament respectivel® andr are total andjenericlocal strand radius. Is

worth to observe that, because of non symmetry of Costello approach, relation
C,, = C,, occurs. Such terms are the only elastic constants that depend on radial

position in thecross section of thédhomogenized cylindrical strand, indeed it is
possible to write:

_ <ng> _Agr
C. 'l = o= (3.18)
and
C. 1/r =\l _7R"s (3.19)
“ <0'Zg> 2M,-r

The previous consideration of antisymmetric part of axial coupling m@&d») leads

to define C, constant in (3.13) as CSM:Q%C“ , iIn a way to preserve
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conservativeness of homogenized material. In the follow, details of monoclinic
compliance constants calculation are presented:

<SZZ> A-e <g€9> <grr> Ac¢g R:ovc"" RNOVW
11 <O_ZZ> F 1 12 21 <O_ZZ> 13 31 <O' Z) F R®+ RW
() _Aper o _(£n) _7R*s (3.20)
C14_ = ’C41_ = )
<0'ZZ> F <0'79> 2M 1
C — C — <€:99> — C — C — <grr> — ”R4 ‘8 R:OVC+ Rfovf . C — <829> — ”R“ ¢
*" o,y TR (o,) M1 Rg+R, Y (o,) 2M,

where loads- axial forceF , torqueM, and bending momen¥, - are related to
strand deformations axial straine, twist angle per strand unit lenggh, and

curvaturey by linear position(3.11). Homogenized non liree behaviour is derived
by theload steps procedure exposed in the previous section.

Macro scale level: cordubber structure

We base present survey on mechanics of the simple straight strand; once properties fc
the trigonal equivalent cylinder are defth (3.20), we are ready to implement its non
linear elastic behaviour by meags of Finite Element Method (FEM
Homogenization technique furnishes the overall respdosethe heterogenesu
media;in such methodocal information is lost in a way to gain a more manageable
model Similarly, in a finite element approacthe trigonal equivalent cylindagives

the great advantage of using very few elements to realize smaddls, even ift
compute a large amount of wires dispabon multi scale arrangement (Multi Layered
Strand. In the follow we present a FE model of a reinforcing fibre, it is made of two
simple strands twisted together, non linear response is investigatwell as trigonal
effects in a cordubber composite.

Description of the procedure for buildingp the cord

In cord composites, trigonal effect takes place over different scales. We look now at
the macro scale behaviour of a cord. Specifically a Eouwimple strand is
investigated. Such kind of reinforcing fibre consists of two 6+1 wires strands wrapped
together with a lay angle, , Figure 3.10 strands are modeled by their equivalent

cylinders, see previous sectidystem pesentsthus the intrinsic trigonality of each
simple strand at micro scale level, and the trigonal effect due to double helical strand
arrangement at meso scale level.
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Fig. 3.10

A parameter based procedure has been developed to realize the madskedftord.
Ansys® batch mode allows to vary parametrically the geometries of the reinforcing
fibre, i.e. single strand radiud, andlay anglec, , as well adoad conditions and

finite elements meshing sizéMethod starts with the automatic generation of the
volume of the cord. In a way to avoid elements geometric degeneracy during the
meshing process, fillet lines are used to merge the elliptical cross section of the two
strands; value of the fillet radius mesh size depending. éylindrical reference

system r,d, ze *is now considered, witlz axis coincident to cord axis. Merged

area is then linearly extruded alomfyand z axes byz and 0 length valus,
providing thatz/0=Tan «, and @< 2r , Figure 3.11; value of the length of
extrusion is mesh size dependiiitpe volumecorrespond to two slices of cylinder of
radius R, with the axes tangent to the strand helical paths. Homogenized trigonal
material properties for each one of the simple stra(@i$3) are defined by
considering a local frame cylindrical reference systend,, z € °| with z, axis

coincident tothe axis of the extruded cylindedndeed the elastic constants for the
equivalent cylinder are introduced referring to the local reference system. The same
extrusion is realized starting from the double ellipses cross section of the eotd at
generated before. Material properties are defined again refeaitogadl cylindrical
system of the new created slices of cylinder. Extrusion and material properties
assignment goes on until a cord volume geometry of lepgtis obtained, wherep,

is the cord twisting pitch
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Fig.3.11

Numerical simulations of the mechanical response of twistedrabtzer composite

Preliminarily finite element analyse on cord model are performed, in a way to observe
the effects of the trigonality at the meso scale level, i.e. doublederz®d strands
twisted together. Using the An&ysoftware is realized an automatic procedure to
mesh the model with thregimensional, &ode brick elementsFigure 3.12 A
complete pitch length of the cord is realized and non linear elongation test are
performed, both for fixed end condition and free rotation condition. Finite element
non linear analyses perform by linear sub step; same procedure used for non linea
Costell obs approach is adopted. Axi al

of seps high enough to ensure that condition on helix angle of the simple strands
|Ac| <1 is preservedAt the end of each step cord reactions are evaluated and material

properties and cord geometries, iRg. and p,, are updated. In force of single step

linearity is then possible to write:

F - Z 3 (3.20)

M, =D M, (3.22
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where is the number of thé" load step, andr, and M, are the relative cord reaction
forces, in terms of axial force and torque.

Fig. 3.12

FEM Simulation and results

As stated bef@, twisted cords exhibit axiabrsion coupling dudo its structural
nature. This trigonal effect is due on one hand by the microstructural organization of
internal filament and on the other by helical macroscale shaped.

Several adtors have investigateithe aforementionectoupling effect in cordubber
composites by analytical and numerical procedukexak S. and Pidaparti R.
2000) have developed fanite-element modelthat integrates a solid rubber element
and a twisted cord elemenwhich takes ito account coupling effects of various
deformations Theyinvestigate the influence of cord shape on the -ldefdrmation
characteristicsSimilar approach was used to evaluate difiect on the coredubber

interface stresses distributioRidaparti et al, 2001).
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In this paragraph the influence of twisted comicrostructure on the mechanical
response of compositeill be investigated through as FE approashereas the role
of helical shape of cord will be neglected. Twisted cbehavior is based on
numerical result of monoclinic compliance constants for trigonal cord obtained from
the procedure discussed in the latter section. In fact starting frosinean Costello's

model and assumingmall helix angle variatiopAa| <1, the numecal method
allows to obtain for each smalle'™ the matrix constant<,'™" of anisotropic

response.
In order to validate theresentapproach a thredimensional FE model, which
consists in thetrigonal "equivaent cylindrical” cord, reminiscent of trigonality,
embedded in solid rubber matrix, has been developed.

The efforts spent to develop the analytical procedaltew to simplify the geometry

of model and bring numerical difficulties down, avoiding the Usadvanced features

of 3D CAD modeling Pidaparti et al, 2001).

To performthe finite element analysis on the homogenized and simple cylindrical
cordrubber models, the FE models watevelopedusing the ANSY$ software.

Finite element meshing of corddainubber were done with thremensional, &hode,

brick element (SOLID185)that it also hasmixed formulation capability for
simulating deformations of nearly incompressible and fully incompressible
hyperelastic materials

Next, the finite element modelgere assigned the material properties: Mooney Rivlin
hyperelastic form has been used to characterize the constitutive behavior of rubber
matrix in both models; isotropic elastic constants were used to characterize the simple

cylindrical cord; while the asotropic constants;:u.i*th for trigonal behavior have been

invoked to setup the behavior of the homogenized cylindrical cord.
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FE non linear analysiwere performed under axial loading, considering for each load
step the same axial disgement taking into accounthat |Aa'"|<1) used for

analytical procedure.

As first consideration thesffect of trigonality on the mechanical response was
analyzed comparing the response of a composite models with a simple isotropic
cylindrical cord. As show in the picture, the anisotropic behavior of cord
reinforcement affect the response of composite: an -totision coupling is
highlighted (cfr Figire 3.13up).

Fig. 3.13 Tensiletorsion coupling effect with the trigonal cord (upidasimple tensile behavior in

isotropic case
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Next step ig0 evaluate the amplitude of shear stress, due to trigonal cord, at the
cordrubber interface, considering that in the case of isotropic cylindrical mord
shear stresarises at the interfaceand the influence of its tensitevisting behavior

into the rubber matrix.
The picture highligtd the nezero stress values in the cord reinforcement and on its

external surface, where the trend emphasizetetiseon that grows side the rope.

AN

—_0, Shear Stress at rubber-cord interface
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-
o
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[

-.018404

Fig. 3.14: Shear stress into the reinforcement and on the-ndster interface (black line)

The interface shear stresses is transferred into the surrounding rubberAsatrec
can see the distribution of tension isosurfacessgare ideaon how this behavior

expands inside into the matrix (chigure 3.14
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B=-.001085 D=-.796E-03 F=-.5072-03 H=-.219E-03

Fig. 3.15Tension isosurfaces distribution into the rubber matrix

Title: A sensitivity analyses on fiber density

As state beforehe use of fiber reinforced composite materials foasd in recent
years continuallyincreasinglyinterest in design procesd structures and structural
elements encountered in engineerprgctice. The full advantages of such materials
are obtained when fibers are distributed and oriented optimaillly respect to the
assumed objective behavior measiaréhe optimization process under actual loading
conditionsof the structurelems K 1996).Mostly, to fulfill the optimal behavior o&
certain structure anits loads can modifysome parameters of sttucal materialsuch

as fiber plies thickness, fiber density, shape@ihtation, stacking sequence etc.

In this paragraph atudy conducted to evaluate the effecfibér density on rubber
compound stress field is discussed. The model showed is bastt corerubber
composite presented in the latter paragraph, where an anisotropic cylindrical cord is
embedded by hyperelastic rubber matrix.
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The sensitivity analysis has conducteth a specimen size fixed where the
reinforcement change in number (fr@o 4 fibers). The results showed below refer
to similar tensile boundary conditions.

The tensiletorsional coupling effect, due to anisotropical behavior of fibers, is

highlighted by deformed shape of the three specinehken into accounfcfr figure

3.16,

Fig.3.16:

As already mentionedhe trigonal behavior of coidcreases the strefield of rubber

for the presence ofransferred shear stress, . The first important result is represent

in the picture below(cfr. Figure3.17) where the distribution of cited stress, on the
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mid plane of specimen, is plotted; and as we can see the stress gradients in the matri
increase with the increasing of fiber density.

D = &

-.002184 -.00114% -.114g-03 .921E-03 .001955
—.001l666 —.631E-03 .403E-03 .001438 .002473

-.002021 -.873E-03 .275E-03 .001422 .00257
-.001447 -.29%E-03 .848E-03 .0019%6 .003:.¢

—.002497 —.001047 -403E-03 .001853 .003303
-.001772 -.322E-03 .0011238 .002578 .004028

Fig. 3.17

From the point of view of materiatrenghtthe presece of high unexpected stresses
value may lead to an increased risk of rubber fracture, particularly under cyclic
loading.
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To evaluate thaffectof trigonal behavior of cords on the structure, the ratio between

o,, ando,, where the last ones are due to the stretch in load direction, is evaluated in

increases;

z

the interfiber matrix space. As showed below (dfrgure 3.18) the 0%

in particular in the second and third case the sheassisdues are greater tham.
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Fig. 3.18

Conclusion

In this chapter the behavior of ndinear elastic cord-rubber compositeshas been

investigated. Thanodeling activities, both analytical and Finite Elements Method

(FEM) havebeen used tsimulate and predict the tensti@rsional behavior of twisted

cord embedded in a rubber matrix. The efforts spent to developed the analytical model
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for twisting cablesallow us to simplify the numerical model and relative analyses
introducirg an homogenized constitutive behavior of cadndparticular, our attention

is focused on two maimesults the tensiorwisting response of composite, and
influence of fiber density on unexpected stress distribution due to the microstructural
anisotropicoehavior of cord. The results confirm that thislti-scaleapproach can be

a good basis to characterize the complex behavior of pneumatic tire.
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CHAPTERIV

MECHANICAL RESPONSE OF FOOD PACKAGING
POLYMERIC BILAYER FILMS UNDER HIGH PRESSURE

Introduction

In the last years considerable efforts have been spent on the mechanical behaviour c
materials constituted by the coupling of differenntlayers, with particular attention
focused on delamination phenomena, interfacial failure and overall stiffness and
strength of multlayerr films. A technological application where these issues are
notably relevant is that of Novel Processing (NP) treatsn of packaged food,
recently introduced to improve safety, quality and shif of foodstuff. In this
framework, mechanical performances and structural integrity of -haykr flexible
polymer films used to package food remain a main concern. Amadtgy Nigh
Pressure Processing (HPP) is steadily gaining as a food preservation method that als
preserves natural sensory and nutritional attributes of food with minimal quality loss.
Packaged foods, processed by using this technique, maintain most dfrityeial
texture and nutritional qualities, additionally exhibiting an extended -sfeeliHPP
applies high pressure (typically in the range of over a time frame of the order of
minutes) to packaged foodstuff in order to significantly reduce the numiber
microorganisms as well as to deactivate enzymes by mechaniwliged
mechanism§l]. High pressure loads are exerted on packaged foodstuff by means of a
pressurized confining fluid imprisoned in a vessel. The process consists of a
preliminary heatig of both confining fluid and packaging, followed by adiabatic
pressurization. Typically high pressure pasteurization is performed at an initial
temperature of while sterilization is conducted at higher initial temperature . Since
the adiabatic pressaation process determines a monotonic increase of the initial
temperature, the actual treatment temperature depends on the maximum attaine
pressure, with teperature rise2].

A suitable choice of a multayer packaging for HPP has to be performeduchsa

way that the treatment process does not affect package integrity as well as its
functional properties. As a consequence, the packaging material and design shoulc
prevent irreversible deformation phenomena induced by high pressure and severe
stress rgimes.[3].
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Literature experimental results highlight that several types of multilayer films are
inappropriate for HPP due to the occurrence of delamination phenomena. In
particular, bioriented PET/PP bilayer films as well as multilayer structures ingudi
aluminium foils or metalized layers show this type of failure mechanigtsThese
phenomena are expected to depend on the features of the materials employed to buil
up the multilayer structures and, in particular, on the thamaohanical propertiesf

the coupled components forming the overall packaging structure.

From the mechanical standpoint, HPP can indeed kindle interfacial stresses betweer
the different elements of multilayer structures as a result of the high pressure loading
exerted by theressure transmitting fluid, thus inviting delamination and extensive
detachment phenomena. The mechanical analysis of mulitlayer systems under sever
pressures generally requires to consider large displacements, deformdtioed and
intrinsic film aniotropy and non linear stressrain relationships, as well as visco
elastic and plastic responses. Also, special attention should be given to properly mode
bonding conditions at the layers interfaces taking into account cohesion and friction
by means of @ hoc constitutive assumptions for the adhesives. Additional efforts are
needed to overcome numerical difficulties arising from the strong difference between
the characteristic (iplane) size of the materialgenerally of the order of centimetres

i and flms thicknesses (of the order of tens of microns) that may lead to sometime
insurmountable computational costs or very onerous in silico simulations aimed to
determine interfacial stress and stress singularities between thifgjlms

Moreover, difficulies are also encountered when the mechanics of thin films is
approached following an analytical way. In fact only a limited amount of scientific
contributions furnish exact solutions to problems involving the mechanical response
of these composite matesalnder specific load conditions. In this framework, Bufler

[6] developed a rational method for the analysis of arbitrarily laminated elastic,
isotropic or transversely isotropic hollow spheres under internal and/or external
pressure, obtaining exact satuts and homogenized elastic moduli by using the
Transfer Matrix Method. Ding and Ch¢n,8], on the base of the threemensional
Theory of Elasticity, investigated the ramisymmetric free vibrations of isotropic
spherical shells submerged in a compldssluid medium, determining their natural
frequencies, and Jiang et 9] studied the dynamic response of layered hollow
spheres in closed form. Seamalytical solutions constructed by invoking asymptotic
methods are given by Lebon et[&0] for andysing some no#inear soft thin layers,

while other literature efforts have been aimed to estimate indentation response of thin
hard films on soft substratgél], making reference to hypotheses of special (i.e.
spherical) symmetry conditions.
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Motivated ly the scientific and practical interest in the mechanical response of
polymeric thin films utilized for food packaginthis workintends to investigate on

the mechanisms governing the delamination phenomena observed experimentally in
multilayer films durhg HPP, in order to pave the way for optimal design of packaging
structures. To make this, both analytical and Finite Element (FE) analyses of the
process of HP treatment of pouches made of multilayer films and containing tap water
have been performed. Thesults suggest that the development of iasrinar
normal and shear stresses as well as increase of stress fields within the constituent
due to their differences in elasticity, i.e. Young moduli and Poisson ratios of the films,
can be actually traceds responsible for localized delamination and failure
phenomena.

In particular, in the present work experimental results of laboratory tests performed to
obtain the stresstrain and thermal dilation properties of some polymeric films (PP,
PET, OPA and PA)nvolved in the realization of multilayer food packaging, are
firstly described and discussed in details.

Successively, in the framework of anisotropic linear elasticity, two preliminary ad hoc
analytical solutions are constructed coherently with therexpatal findings, making
reference to simpler situations evoking the real case of theydy food packaging
under high pressure. Then, sensitivity analyses have been performed in order to
analytically estimate intdaminar shear stresses at the filntenfaces and their
magnitude with respect to specific geometrical and mechanical parameters, that is the
ratios between elastic moduli and thicknesses of the coupled polymeric layers. In
particular, a first analysis has been conducted under the hypodhedanestrain of

the btlayer film and a solution related to spatially varying load applied orthogonally
to both the film sides has been found to simulate the effect of the high pressure on the
compressive stress state developing inside the materiabs.résult, the influence of
pressure gradients, mechanical parameters and thicknesses of the coupled films on th
inter-laminar shear stresses has been explored through sensitivity analyses, by
demonstrating at the end that a best film coupling (measweghismum ratio
between intetaminar shear and maximum stresses) can be obtained if is minimized
the percentage difference between homogenized stiffness of-ldngebimaterial and

the Young modulus of the basic film, PP in the specific case. The ses@ud
solution is instead obtained for investigating the response of a-layéti hollow
cylinder filled by uncompressible water and subject to external pressures and to a
Aspuriouso bending regi me which-lampirar t ur
shar stresses. The attention has then been focused on the variation-tznmer
shears with the radius of the object, in order to predict the effects of the curvature of
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the btlayer film due to deformatiemduced wrinkling or geometrical shape on the
stress regime.

Both the above mentioned solutions have been used as a guidance for interpreting tht
results of the subsequently performed FE numerical simulations where both nonlinear
behaviour of the materials and large displacements have been takeaccéotm.
Furthermore, a faithfulmodeling of the whole food package shape has been
considered and the stresses within the polymeric layers are determined with respect t
three different actual film couplings (PP/PET, PP/OPA and PP/PA), also
experimentallyinvestigated. In particular, the outcomes of two groups ch&ged
analyses are presented. The first set of simulations has been focused on a sensitivit
analysis aimed to determine the relation between stress fields and film elastic moduli
ratios correspnding to differently coupled films. The second dimear FE analysis

has been conducted with respect to the sole PP/REYdy, with the main interest in
detecting possible wrinkling phenomena due to local strain gradients induced by
severe pressuregnging from 100 to 250 MPa.

The comparison of experimental evidences (i.e. film deformation and interfacial
failure phenomena found in fogquhckages tested under high pressures) with
numerical results is finally shown, highlighting a very good agreememieen FE

based predictions and the actual response of the materials and also confirming the
theoretical results which suggested to couple films with close mechanical properties to
avoid failure. As a consequence, finally, on the basis of the mechanagses and

the experimental findings, a rough heur
lowest likelihood of interfacial failure is introduced and defined.

Experimental findings and problem statement

Capability of multilayer polymer films to wastand high pressure pasteurization and
sterilization treatments was assessed by realizing pouches containing a food stimulan
(tap water and small solid carrots) and submitting them to HP treatment similar to
those performed on industrial scale. In pattac, bilayer films were obtained by
laminating commercial plastic films, i.e. cast polypropylene (PP), bioriented
polyethyleneterephthalate (PET),-dsiented polyamide (OPA) and cast polyamide
(PA). Lamination was performed on industrial machines usewgeral kinds of
standard polyurethanic adhesives for food packaging applications. Three types of
bilayer films were investigated, that is PET/PP, OPA/PP and PA/PP. In all cases the
inner layer of the pouches (i.e. the one in contact with tap water) was §irantee

the sealability of the package. Due to the production process, the four polymer films
used to realize the bilayer structures are oriented, thus exhibiting a transversely
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isotropic thermemechanical behavior. As a consequence, in the followingd ma ¢ h i
directioné or Ol ongitudinal directiono
parallel and orthogonal to the main axis of the film reel (which, in turn, corresponds to
the main axis of the production equipment). All the polymersl uisehis study are
semicrystalline and present crystalline, well ordered, domains surrounded by
amorphous regions.

Pouches were obtained by sealing the three sides of a foldagebifilm with a
custom built heat sealing equipmeideat sealing was prmed by hotbar welding,

at a heaseal bar temperature of 1@0°C, under an applied pressure of 4 atm (a
force of 400N applied on a 150mmx10mm surface) exerted-&s. Before sealing

the fourth side of the pouches, they were filled with the seldéottisimulant and air

was removed from the head space by vacuum pumping. The filled pouches were ther
subjected to high pressure treatments, performed in a pilot scale high pressure / higt
temperature unit at Wageningen UR (University and Research cenfedd &
Biobased Research, in Wageningen, The Netherlands. Typically, pressure can be buil
up to 700 MPain 24 s.

Two types of HP treatments have been performed on pouches: pasteurization anc
sterilization. Tap water has been used as pressurizing medterilization was
performed at three different pressures: 200, 500 and 700 MPa. Pasteurization was
instead performed with a similar procedure, but at room temperature.

The performed tests indicate that all the three bilayer films are able to withlktand
pasteurization treatment without displaying any evident mechanical failure. However,
PET/PP pouches displayed evidence of localized delamination (see figlir@sand

b) after HP sterilization, with both food stimulants used, over the whole investigat
pressures range. No delamination after HP sterilization was instead observed, even a
700 MPa, in the case of PA/PP (see figidec) and was barely present in the case of
OPA/PP (see figuré.1 d), for both food simulants.
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Figure 4.1. a) picture ofa PET/PP pouch after HP sterilization treatment @200MPa (food stimulant:
tap water), arrows indicating regions of delamination; b) detail of a delaminated region in PET/PP
pouch with arrows highlighting the delamination zones; c¢) picture of a PA/PP mjteh HP
sterilization treatment @500MPa (food simulant: tap water); d) picture of a OPA/PP pouch after HP
sterilization treatment @700MPa (food simulant: solid carrots).

Since everal phenomena occurring during sterilization treatmient PET/PP
structure, due talifference in the thermal expansion coefficients of the two materials;
differences in the mechanical behavior of the two films making up the multilayer
structure (i.e. stiffnesses in the elastic regime) and in their dependence on temperaturt
and pressureseveral experimental tests on materials are been made to understand
their affect.

For example thenear dilatational behavior of the four types of single layer films was
determined experimentally in the L, T and 45° directions in the tempenatnge 20

+ 120 °C of interest in HP treatments, to understand the effect of film thermal
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properties. Toevaluate the dfect of mechanical behavior of the single films
experimental mechanical testgas performedat 25 and 100 °C at atmospheric
pressure n the three main directions. Stredgin curves were obtained for
elongational deformation determining the values of Young modulus in the elastic
regime. The measured values are summarized in tables 1a,b.

It is evident from the tables that, at 25°C, ttadues of the moduli for PP are
close to those of PA. Differences are, instead, significant when comparing PP with
OPA to become even more relevant for the case of PET. When considering the values
of the moduli at 100°C, the largest differences arefstilhd for the PP/PET coupling,
while both PA and OPA display values of moduli which are close to those of PP.

Average values for the Young modufi, of the bilayer films, also reported
in Tables 1a,b, have been calculated in eachction by assuming the rule of
mixtures, according to the following equation:

| |
E=E,,- > +E —

|
ITOT ITOT

where E,,and |, indicate, respectively, modulus and thickness of PP fimand|.

represent, respectively, modulus and thickness of the film coupled to PP to form the
bi-layer film andl;o; is the total thickness of the muléiyer structure (thickness of

the adhesive layer being assumed negligible). It ishwooticing that, for processing
reasons, films are always laminated by matching the machine direction of the two
layers.

Examination of results reported in tables la,b suggest that a possible cause for
delamination might be related to differences in na@otal behavior. This conjecture

will be deeply discussed and supported in following sestidealing with analytical
andnumerical simulations.
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PET [12yum] OPA [15umf PA [20um]
L T Fi L T 45 L T 15
2040 | 2750 | 2640 | 2240 | 2000 | 2350 660 80 83
L 380 | 870 810 400
PP
[50u T 300 770 6940 435
mf
45 345 790 810 470

Table 1a Young moduli at 25°C determined for the four films in the three main directions. Small sized
ffonts refer to the modulus of the single film, while large sized fonts refer to-{agdyi structures.

PET [12um] OPA [15um] PA[20um]
L T 45 It T 45 L T A5

2900 | 2700 | 1400 | 1400 | 320 140 200 153 170

L 170 | 700 430 180
PP
[30u T 20 620 210 130
]
45 170 410 165 170

Tablelb. Young moduli at 100°C determined for the four films in the three main directions. Small
sized fonts refer to the modulus of the single filmjlevtarge sized fonts refer to thelaiyer structures.

Evaluation of the effect of pressure Bpis generally investigated by performing high
pressure dilatometric experiments on molten polymers. Temperature is decreased at
controlled rate isobaricallgvaluating the change of specific volume. The molten state
of the samples, insures that the state of stress in the material is a uniform, isotropic
compressionTy is marked by a change in slope of the specific volume vs T curve.
Similar tests have begrerfomed also on the polymers used in this study by means of
a high pressure dilatometer (GNOMIX, Boulder CO, USA), in which a hydrostatic
pressure is applied to the sample by means of a confining fluid (mencuhys icase),

but the outcome of those tdts are not reported in this work.

To evaluate the effect of mechanical strength of adhesive Eayaral adhesives with
different mechanical properties, where used to realize the three laminateswas
observed that HP sterilization treatmentsuteed always in the delamination of only
PET/PP structures, whatever was the adopted adhesive.

In conclusion, the experimental findings and the physical interpretation of the possible
causes of failure support the hypothesis that the difference in delnilbehavior
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among the three investigated-layer structures can be mainly ascribed to the
mismatch between the mechanical moduli of the two laminated films. As a
consequence, the following sections are aimed at demonstrating, by rigorous
arguments, theole played by the mechanical properties of the polymer films in
determining different level of interlaminar stresses which act as driving force for
delamination failure.

Sensitivity analyses and qualitative results based on exact solutions

Based on thelmve illustrated findings and the corresponding physical interpretation,

it can be inferred that the delamination phenomenon is mainly determined by
differences in mechanical properties of coupled films.

As a matter of fact, interfacial stresses respoaditt delamination may result from

the combination of both normal and shear stresses. Since high pressure applied on th
bi-layer structure induces prevalent compressive normal stress fields at the interface, i
is expected that delamination is determinaty by shears.

With the aim of performing a sensitivity analysis to detect the influence of mechanical
and geometrical factors on the occurrence of interfacial shear stresses, two analytica
solutions have been constructed in which the role played by dilnaature, load
distribution and differences in elastic moduli is investigated.

In particular, the first analytical solution refers to the simple case of a rectangular bi
layer film where self equilibrated and spatially varying pressures are appliedtapth

and bottom sides of the composite sheet. The clfised elastic solution is here
determined in order to highlight the influence of the spatial gradients of the préssure
which can locally appeadr on the interfacial stresses, accounting for difiees in
thicknesses and elastic moduli of the coupled materials.

The second exact solution treats instead the problem oflaydyi hollow cylinder

filled by an incompressible fluid, say water, under the combined action of external
pressure and bending. i§lsolution has the aim of simulating the ideal case of a food
package filled by a fluid and loaded by high pressure, perturbed by a bent regime that
kindles interlaminar shear stresses across the films. The effects on the stress field of
the radius of ta ideal cylindrical package and of the bending deformation are
analysed, to evoke the real case where local changes of curvature ofidyertdyim

are induced by wrinkling phenomena. As in the first solution, the role played by the
different stiffness bthe films on the interfacial shear stresses is examined.

These analyses are of help in supplying a qualitative guidance to understand the effec
of mismatch in geometrical and mechanical properties on the shear stress developmer
in the actual situatioof a food package under HP. The complex stress regime arising

120



in the case of real multayer packages can be indeed envisaged as a combination of
the simpler ideal situations described through the exact solutions. However, large
deformations, notinear dfects and real food package geometrical complexity will be
considered in Section 4. of the presemtrk, where Finite Element based numerical
simulations and comparison with experimental results will be performed.

Two-layer film with spatially varying presure symmetrically applied on the top and
bottom sides

Let us assume a Cartesian coordinate sy$fem, X,, X} and consider a Hayer
film constituted by two rectangular thin sheets made of different linearly elastic
orthotropic materialgyerfectly bonded at the interface which lies on xhe X, plane.
Let w and 2L be the width and the length of thelayer film, measured along theg

and x, directions, respectively, and denote withandt  the thicknesses of the
constituent films placed at the top and bottom positions with respect to the plane
X, =0.

If self-equilibratedi and symmetrically distributed with respect to the- x, planei
pressures act on both top and bottom sides of the object as follows

p* X =Fpe’™, V xe[o, ], %=+t 4.1

p being the maximum pressure amde R* a parameter governing the spatial

gradient of the load, thekition of the elastic problem can be searched in pdhirén
in the form

C§5¢jl+ 2C§¢(,I3)3

, UW=0, X =07 4.2
e u, b X % =47 (4.2)

U X, % =—

where commas denote differentiation; (x, x,) is an unknown displacement

potential function ano[:,ji represent the elastic coefficients, in contracted Voigt

notation, of the orthotropic films whose planeswdterial symmetry are assumed be
coincident with the planes of the Cartesian reference frame. However, under the
hypothesis of isotropy of both the materials and by invoking the geometrical
compatibility conditions

255 =4 4 “3
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the nonzero strain components take the form

N _ﬂt¢,i11+ Z,Ut"'[_r ¢,i331 £ /Ii¢%113_ 2ut+ A ¢(23:

& = , gi = t , E .= 44
11 ﬂi pE 33 ¢,331 13 2 ,Ui T ( )
and the corresponding not vanishing stresses are
o =2u e+ AT (Ent ey, Op=A (€ es), O uF (4.5)
=2U'ey+ A (et E3), 0= 2076,
with elastic coefficients in the €4.2) reduced to
C§3 = zﬂt + A%, C1i3= Ar, Ciés: Zui ) 2,‘1i = (4.6)

—Ef/(L+vY), AT =viER [[(L+vE) (- 7))

in which E* andv* represent the Young moduli and the Poisson ratios, respectively.
In the absence of body fmws, by virtue of the eqg4.2), (4.5) and (4.6)the
equilibrium implies that the potentigt (x,, x,) must be biharmonic, i.e.

o =0 = V% x,x =0 (4.7)

ij.j

Based on the form of the applied pressyres), the solution can be then found by
separating the variables, thus obtaining

¢ X% =p(X)xyp (%)= €7 x[( A+ B Jcosa ¥+ (C+ D Ysimr X (4.8)

where the Eulerods f or miA, 8sC, Dh represebte e n

eight coefficients to be detmined by imposing the following interfacial and
boundary conditions

X=tt'—> onx=—-pe’™, o,=0 4.9)
=0 — 03,-0,3=0, 0,-0,=0, U;—U,=0, U,—u,;=_C

The equation$4.9) constitute a linear algebraic system of eight equations in the eight
unknowns{ A", B°, C', D} and can be thus solved in closed form, as well as
numerically.

When these solutions are specialized ttaler films charactézed by PA, PET and

OPA all coupled with a PP sheet, it is possible to investigate how the stress fields
122



parametrically change with a measure, denoted $hthof the percentage differences
in mechanical properties of the componlayers defined as follows

SE=|E- Byp|x B (4.10)

whereE is thestandard Voigt homogenized Young modulus of théaper film and
E.- is the PP Young modulus.

E[MPa]
A

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

0.015

,,,,,,,,,,

0.01q A A e S
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Fig. 4.2a normalized maximum shear stress versiks

Figures 4.2a and 4.2b show te normalized maximum shear stress,

r=p'x rn[(?_)(]{als} , versus oE , evidencing how interlaminar shear stress
% €[0, L

monotonically increases withE . This trend is also confirmed for values of the
pressure gidient greater than zero, at a prescribed value of Poisson ratios of the two

coupled films (see Figur¢.29 and for different ratios of the Poisson moduﬁ/v‘ :
at a vanishing average pressure gradient (see FgRige
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Fig. 4.2b

It is worth to highlight that the lowest value of the interlaminar shear stress is always
attained in the case of PP/PA coupling, in this way confirming the experimental
findings anticipated in Section 2.

Spurious bending ima bi-layer hollow cylinder filled with water and subject to
external pressure
In a cylindrical coordinate systefm, $, X3} , let us consider an object constituted by

two cylindrical homogeneous and isotropic perfectly bonded hollow phasiesxis
X, filled by an uncompressible fluid and subjected to combined external uniform

pressure and bemdy moment applied at the enddhe linearity of the problem allows

to search the solution by invoking the superpositionggle, that is writing the
displacement as the sum of the asysnmetrical solutioni i.e. external pressurey’,

acting on confined watef and that related to the sole bending momé#t,.
Coherently with tk above introduced notations, the outer and the inner films of the
bi-l ayer structure will+oband,efineé £pe anti it he
displacement, strain, stress and elastic componewetsaéfto the cylindrical reference
frame. The geometry of the problem is then completely described by the radius at the
interface between the constituent layeks, and by the outer and inner radii,

R' =R+t and R = R-t, t* being the thicknesses of the external and internal
layers, respectively.
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External Pressure and uncompressible fluid filled the compound hollow cylinder

In linear isotropic elasticity, it has been dentangd that axisymmetrical solutions
can be all derived by the Lov-laersobjdcts nct
[Fraldi et al]. By invoking these results, the displacement field for gpfnase hollow
cylinder subjected to uniform inner anditer pressures, the inner pressure being
exerted by the uncompressible fluid, can be written for both the layers as

u'=Ar+Brt u =0 u=ecx (411

where { A", BY, ¢ are coefficients to be determined by means of the boundary
conditions

r=RF - 2u=-¢R, r=R—> o,=-p
r=R - o,-0,=0, y-y=0 (412

E”(j;a;3rdr+Jja;3rdr)d8:F,

where F is the axial force resultant at the object bases and the first equation at the left
side in (4.12) representing the incompressibility of the water, if second order and
higher terms of deformation are neglected. Thus, by virtugl.afl), compatibility
equationg4.3)in cylindrical coordinates give

+ + + + 2 + -1, *
grr:q',r:A_Br’ Egg=TIY =

+ + -2 + + + + + (4'13)
=A+BTIT, g=U=¢6, g5,=6,3=6,=0C

and, from(4.13), the constitutive equations for isotropic materials furnish the stresses

ol = 2;ﬁgu.i +q Atre”, ,j=f,4%3 (4.14)

[

where §; is the Kronecker deltars* = (¢ + &5, +53;) - It easy to verify that the

stresseq4.14) automatically satisfy the equilibrium equations at the lefi{(4rv),
written in cylindrical coordinates. Moreover, it is worth to notice that, independently
from the difference in terms of elastic moduli between the two films, é44.3) and
(4.14) lead to find

O_;szdriazoris =0 (4.15)
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and thus no intelaminar shear stresses occur for the solegmes of pressures in the
object. However, a little amount of imperfection of the cylinder geometry or of the
loads might perturb the symmetry of the problem, thus kindling-latemar shear
stresses. This event is taken into account below by analyzngesponse of the -bi

| ayer cylinder under the action of a ~#f:¢

Bending moment acting on the object ends
In the case of uniform bending moment the geometry of the object witheut
boundaries implies the absence okfterms ing for displacements, stress and strain
fields, which have to additionally be singlalued and continuous functions and
hence exhibit periodicity o#. Inspired by the St. Venant solutions anesidering
the symmetry condition due to the bending monMntacting, without loss of
generality, on the$ =7/2 plane, it is therefore natural to seek a general solution of
the problem by assuming for each layer tlisplacements in the following form:

3

U =3 RN sing =] £ (0)+ 12 0 o+ £ 003+ T3¢ 3] sing

=
o

Uy = G ()X cosd = & (N)+ G (x+ G (% + s (1%] cosf (4.16)
U = > () sing =[ 1 (1) + K (N)x+ B (1N%+ K (1)%]sing

where{ f (1), g,(r), h,(r)} represent twelve unknown functions.uf ={u?, u;, u} ,
¢ and 2* are the Lamé modulidivu® = U7, + r'y" + r'u; .+ U; , is the divergence
of the displacement field and® =o/ar?+r"a/a +r 20/09+0/&? represents the

Laplace differential operator, the displaceme@d6) have to obey the Navier
Cauchy equilibrium equations

wVAE=2rU -+ gt A0 divu® =0

pE VA 20, g+ 42 rhdivet =0 (4.17)

WV + g+ A0 divu® ,=0

This implies that the unknown functiofi$,“(r), g;(r), h,;(r)} must satisfy a system
of twelve differentialequations, whose solutidnthrough some ordinary algebraic

126



passage$ can be found in closed form and the displacem@hi$) rewritten more
explicitly as follows

u’ :[Uj logr-U;r?+U; -U; +U x,+U x5+ Uj+U% rz]sinS

U; =[Ug logr+U; 172 +U 3 +U 5 +U X+ U X+ U%=U7 1°]cosy (4.18)

u; =— U; +2U7x, rsing

from which strains and stresses can be finally derived by using thd4egj)sand

(4.14), respectively, finding>, = o,,=0. U;" are coefficients among which there are
the relations

T N SR U Ol YT U SRR P} (419
2317 +u7) A= 207 +u7)

and to be determined by imposing the following boundary conditions on the
cylindrical sufaces

r=R, Vi={r, 93} - u'=u, o =0
: (4.20)
r=R"=R+t, Vi={r4 — o;=0
and the integral ones at the object extremities
T R T R
f U:o—; rdr+jR o;rdrde:O, f (I:a;3r2dr +.[R o4 7dr)sin5d9= 0
(4.2

EE(J:g;3r2dr+j§a;3r2drjsinl9d,9:|v| , Eﬂ(j:g;3r?dr+j;a;3r ﬂr)cossdgz (
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FE simulations of actual food package under high pressure and compatison w
experimental evidences

The analytical solutions presented in Section 3. supply information about possible
interfacial shear stresses responsible of delamination failure arising in presence of
high pressure applied on simple geometry and load casassbsning linear elasticity

and infinitesimal strain regimes. Although this simplified approach is able to provide
an insight on the material parameters governing the mechanical behaviodaydrbi
structures by exploiting sensitivity analyses, the adbaddaviour is generally more
complex because of large deformations and possible constitutiviineanties.

In particular, with the aim of determining the role played by both large deformation
and nonlinear elasticity, some Finite Element (H&sed nurarical simulations have

been performed taking also into account the real shape of theoémbdge. The FE
analyses have been all conducted by using the commerciah&tBeS”.

Two sets of numerical simulations have been carried out.

The first set examingbree different cases, respectively constituted by the coupling of
PP/PET, PP/OPA and PP/PA films involved in the food package. These three non
linear FE analyses have been aimed to explore the sensitivity of the stress field in the
polymeric layers to th increase of the external pressure under the hypothesis of
incompressibility of the packaged water.

The second simulation is a non linear FE analysis performed accounting for both large
displacements and non linear strefigin relationships and it hassitead been focused

on the sole PET/PP food package, with the scope of finding wrinkling phenomena in
the polymeric films as a consequence of severe pressure regimes and bulk
deformability of the water.

These numerical results are finally compared with éxperimental evidences. In
particular the first group of analyses highlight a significant-inogar increase of
interfacial shear stresses with the pressure in the case of PETH®&Rrbfiim, in
accordance with the test results which indicated thattfipe of coupling was the
most prone to delamination failure.

FE analyses of the PP/PET, PP/OPA and PP/PA food packages under increasing
pressures

A custommade ANSY$ environment macro has been developed to perform
parametric analyses varying the thiekses of the two coupled polymeric films, the
characteristic sizes describing the overall package shape, the elastic moduli and the
non linear stresstrain curves obtained from experiments for each layer. Also the sole
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part of the model in the positiveghith has been considered caused by the symmetry
of the geometry, boundary conditions and loads (see RHg8reeft).

R A AT A A
Fig. 4.3 FE computational model: the isometric view of the food package mieft¢lahd a
detail of the mesh adopted for the two cleaipolymeric films (ight).

In this first group of analyses, achieved in large displacements and strains, the fluid
inside the package has been assumed uncompressible and the polymeric films
isotropic and elastic (see Table 1.). In addition, due to the beometrical ratio
between overall dimension of the object and film thicknesses, the mesh has beer
generated with a varying number of brick elements (SOLID185, non linear eight
nodes element with three degrees of freedom at each node), ranging fro 0,00
about 100,000 elements as a function of the specific case studied. Also, special
attention has been also given to the element size ratios and regularity, in order to
expect a good result accuracy and avoid numerical errors in terms of energy a@ue to th
geometrical distortion of the elements (see FiguBeright). The boundary conditions

are established in terms of symmetry constraints applied along the model sides
belonging to the three planes defined by the Cartesian reference frame and by mean
of applied external pressune<[0, 250MPa]. This three analyses (PP/PET, PP/OPA

and PP/PA) have been conducted in large displacements, following the pressure
increase by means of a stiep-step procedure. The results are collected in the Figures
4.4, 4.5 and 4.6, where it is highlighted the membranal stress increases within each
layer and the interfacial shears.
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PP - Tensile Stress

-95.634
-96.15

-93.546

-88.2
-90.501

57 ~Bz. 969
-85.613

65
-75.036

PET - Tensile Stress

-107.54

-51
-99.944

949 -75.95%
-B3.953

55,967
-67.962

—43
-51.971

975
-35.98

Fig. 4.4. FE analysis of the PP/PET film coupling: comparison between tetsegnd compressive
(bottom) stresses within PPdff) and PET iight) polymeric layers.
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