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SUMMARY

The human cornea is the medium through which viggrossible. Any kind of defect to
the cornea affects the vision of a person, hamgeha quality of life. Studies regarding human
cornea is necessary to understand the problemgsreatinents to normalize the defects. This
study was performed to understand the biomecharesgbnse of the human cornea by using the
structural analysis tool. The cornea response WwaBesl in three hierarchial levesl: i) fibril; ii)
tissue; and iii) entire cornea. The multi-scale elod) provides a co-relation of the
biomechanical response of all the levels of cofoe#he better understanding of the response.

Mathematical models of the collagen fibril and aartissue were prepared based on the
experimental data obtained from the laboratorysteBhe models were able to depict the true
physiological response under uniaxial tension.

A finite element model of healthy cornea was depetl and the analysis results were
compared with the experimental results to verify tbsult. The model was able to reproduce the
exact response under the physiological intra-oquiessure.

The cornea model created can be used to studyepomse of keratoconus, a disease
caused by the loss of cornea tissue stiffness,cantea cross-linking, a procedure used for the

correction of the disease.

Vi



CHAPTER 1
1.1 Objective

The cornea is the transparent part of the eye wiinds shape to the eye. It covers iris,
pupil and anterior chamber of the eye. The coreéacts light to the lens, which makes vision
possible. It is transparent in nature, making ggdole for light to travel through it. The curvagur
and thickness of cornea plays an important rolefocusing light to the lens and hence
responsible for its optic power (Albanesteal 2009). Any kind of adjustment or deformation can
result in refractive error and consequently degradine visual performance of the eye.

The refractive error can lead to defective viside imyopia, hyperopia and astigmatism,
to name a few. Myopia (short-sightedness) is tlability of the eye to focus on distant objects,
hyperopia (far-sightedness) to focus near objects astigmatism is the formation of distorted
image caused by cornea surface irregularities. &degects can be treated by different types of
refractive surgeries. Laser in situ keratomilesi&SIK), Photorefractive Keratectomy (PRK),
and Arcuate Keratotomy (AK) techniques are someufarprefractive surgery, which involves
optimizing the curvature to obtain correct visiddastruéet al 2006).

Keratoconus is a progressive degenerative eyesiseaused by the degradation of the
biomechanical properties of the cornea materialdf@assest al 1980). It is estimated to affects
1 in 2000 individuals (Rabinowitet al 1998). The exact cause of the disease has not been
identified yet. It causes localized thinning up7& thickness (Broet al 1988, Edmuncet al
1989 ) of the cornea causing bulging of the affée@erea and creating irregular cornea surface. It
can be temporarily corrected by the use of glassd®mrd contact lenses and ocular transplant.

As the disease progress and gets severe cornesplrat may be required.



Biomechanical procedures can also used to staltieeorneal strength. Corneal cross-
linking is one kind of biomechanical procedure p@rmanent treatment of keratoconus. In this
treatment cornea is treated by applying riboflaaatution followed by cornea exposure to UVA
radiation (Raiskup Wolfet al 2008). The treatment increases the cross-link igerand
strengthens the cornea.

These treatment techniques are fairly effectivieaating or preventing the progression of
the disease. However, the outcomes may not bemected and vary from patient to patient.
The treatment involving the alteration of corneaphand material is highly risky as it affects
both the structural and mechanical properties inuapredicted manner. Research involving
biomechanical modeling of the cornea has been tsepredict the result of the structural
alteration with a certain level of success. HoweWee effective procedure to treat the defects
can only be attained by completely understandimghtiological and structural response of the
cornea. In depth understanding of the biomechamesgonse can aid in development of better
clinical procedures to minimize post surgery cogdions.

The objective of the study is to understand thébagldiomechanical response of the
cornea. For this reason, multi-scale study has loeened out for the three levels of cornea
material .

1) Fibril Level: Mechanical response study of cg#a fibrils investigating the tensile
mechanical property.

2) Tissue Level: Mechanical response of collagesug under uniaxial tensile load.

3) Whole cornea: Finite element simulation of themerical model of entire cornea under

varying Intra-Ocular pressure.



Research has been carried out on the basis ofitftamental properties of the collagen
fibril. The mechanical properties from fibril levéd the entire cornea have been studied to
correlate the properties of individual collagerrifivith the cornea tissue. Simulation of model
is performed using Finite Element Analysis to regié the natural behavior of the cornea under
physiological pressure to understand the respoinde @ornea.

1.2 Introduction

The mammalian cornea consists of five layers: ththelium, the Bowman’s membrane,
the stroma, Descemet’s membrane and the endothdglRandolfi et al 2008), with a total
thickness of 0.5-0.6 mm at the center and 0.6—@8anthe periphery where it fuses with the
sclera at limbus. Of the five layers, the middlgela the stroma, makes 90% of the cornea
thickness and is the major layer contributing te thechanical strength and stiffness of the
cornea (Maurice 1957).

The stroma is a composite material consisting ofrimambedded with a complex
network of collagen fibers throughout the cornelae Thatrix is viscoelastic material composed
of proteoglycans, glycoproteins and keratocytesndBHi et al 2008). This matrix is nearly

incompressible in nature and is considered as Nmukean material for the computational

purpose.
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Figure 1: Schematic view of hierarchical features of catlagtructure
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The collagen fibrils found in stroma layer are gp€ I, lll, V and VI (Pinskyet al2005).
Majority of the collagen fibrils are Type | and amesponsible in providing mechanical and
elastic property to the tissue. The basic unityye | collagen consist of polypeptide chains of
amino acids wound into triple helix called tropdagken having diameter of 1.5nm and length up
to 300nm (Kadleet al 1996). These tropocollagen molecules cross-linfoitm collagen fibrils.
The cross-linking occurs between tropocollagen assalt of a unique mechanism based on
aldehyde formation from lysine or hydroxylysine esichains with the aid of the enzyme lysyl
oxidase (Eyre et al 1984). These cross-links prexaative motion along the fibril axis upon
stretching. The collagen fibrils are arranged i Drstaggered manner with an axial periodicity

of 67 um (Grahamet al2004) as shown in Figure 2.

Figure 2: D-staggered arrangement of the collagen fibhissng the cross-links between the
tropocollagen molecules
The fibrils are bundled together to form fiberstlotkness 4nm (Grahaet al 2004). In
the cornea, the fibers are stacked parallel to fagars called lamellae of approximate thickness
1.5-2.5um (Alastruéet al 2006). The stroma consists of about 300 lameHeakstd through the
thickness at the center of the cornea and about &0€he limbus (Pinskyet al 2005).
The fibers act as reinforcement to the tissue avel mechanical strength along the axial
direction. The arrangements of collagen fibrils amgportant to determine the mechanical
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strength of the cornea. X-ray scatter intensityrihgtion indicated two preferred directions of
collagen orientation, Nasal-Temporal and Supermderior at the center of the cornea. At limbus
they tend to run in the circumferential directiondaeventually fuse with sclera (Meek and
Newton 1999). The preferred direction is found ¢éonbore prevalent in the posterior half of the
cornea (Pinskyet al 2005). The preferred orientation of the fibrils about 66% and the
remaining 33% has random orientation (Daxer andzFrE097, Pandolfiet al 2005). This

arrangement of the collagen fibrils results in atiigpy of the cornea material.



CHAPTER 2
2.1 Study of Individual Collagen Fibrils and CorneaStrips

For understanding the characteristics of human ezorit becomes necessary to
understand the biomechanical response of its ¢oasts. The collagen fibril is an integral part
of the cornea and acts as a backbone to provideeaowith its mechanical strength. The
response of the collagen fibril was studied todailstress and strain response relationship. The
established relationship was used to study the arechl response of the corneal strips or tissue.
The relationship between stress and strain of dlagen fibril was then used to model an entire
cornea.

The study of collagen fibril and its influence teetmechanical strength is very important
in describing the mechanical properties of cori®a&ing keratoconus, the stiffness provided by
the linked fibers degrades. The fibril orientatiarthe affected area is also disturbed decreasing
the tissue stiffness (Carvalle al 2009). The corneal cross-linking procedure for trleatment
of the keratoconus increases the number of cro&s-In the fibrils and restores the strength to
the cornea (Raiskup-Woét al 2008). For the evaluation of the keratoconus isstteatment,
assessment of the changes of stress in the fimsl becomes necessary.

2.2 Mechanical Properties of Collagen

Collagen is a fibrous structural protein abundarftyind in biological tissues of
vertebrate and invertebrate species, including btar&on, teeth, cartilage, the cornea and the
cardiovascular system. The primary function of ttwdlagen is to provide rigidity and to
strengthen the tissue. The fibrils in the tissue thiie major contributor of overall mechanical
strength of the tissue. They act as reinforcemernd eesist against deformation. Under

physiological conditions they are elastically sthetd and by natural condition do not take any



compressive force (Pando#t al 2008). The mechanical response of the collagendisan be
understood by studying the characteristics of tbkagen fibrils which are dispersed in the
collagen.

The typical stress-strain curve of a collagen fibnder tensile load is shown in Figure 3.
The graph shows three distinct regions under dedbom. These different regions mark major
structural changes in the fibril while undergoingfamation. Region 1 is characterized by
unwinding of the helical structure of the fibrildanan be approximated as a linear region. As the
collagen fibril unwinds it starts to straighten ametomes stiffer. Sudden stiffening causes steep
increase in the stress which is the charactet&i@vior of Region 2. This region is marked by
stretching of polypeptide backbone causing slisihgbrils with respect to each others. Further
increase in stress leads to stretching of theldilbnarked as Region 3. In the figusg marks the

end of unwinding anes marks the beginning of the stretching regime.

18]
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Figure 3: Typical stress-strain curve of collagen fibril shogvdifferent regions under uniaxial
tensile loading.



Several articles were reviewed to understand tloendchanical property of collagen
fibril. A brief literature review of some notablajpers is presented below.

Grahamset al (2004) tested type | collagen fibrils under temddading and determined
the Young’s Modulus to be 32 Mpa at about 4% stréire force versus displacement graph was
unsmooth with several peaks and drops between dhee frange of 1.5 - 45 nN. The
discontinuity observed, indicates major structuealrganization within the fibrillar structure.

Van der Rijtet al (2006) tested individual collagen fibrils in amiiecondition up to its
elastic limit of 90 Mpa with resulting Young’'s Moliis to be 2 ~ 7 Gpa. In aqueous medium, the
fibrils stretched elastically up to the stress & Mpa at 4% stain with resulting Young's
Modulus of 0.2 ~ 0.8 Gpa.

Buehler et al (2008) carried out multi-scale modeling, comparthg tropocollagen
molecule with the collagen fibrils at varying crds&k densities. Results showed that the
increase in cross-link density increased its ggBand made the fibrils brittle.

Sevenssoret al (2010) showed the dependence of the strain ratemsile tests of the
collagen fibril. He showed the increase in straatercaused stiffer response of the fibril by
testing collagen at six different strain rates. Tioa-linear response observed was similar to the
result obtained from the Van der Rgt al (2006). It should be noted that in this thesiswilé
ignore the viscous effects of the materials, foogigin the non-linear elastic behavior.

2.2.1 Modeling of collagen fibril
The stress-strain  relationship of individual co#dag fibril is expressed

phenomenologically by an exponential equation

Jexponemial = debg _1) (1)



wherea andb are the coefficient parameters which are determimyefitting to the experimental
data.o and ¢ are the nominal stress and small strain.

The collagen fibril mechanical characteristic wagsd to explain by Albaneset al
(2009) using a two elastic element model whichuded a longitudinal spring and a transverse
spring with one shared fixed end and the other etidshed to non-deformable set-square that
can slide in the longitudinal direction as showrigure 4. The equation formulated to describe
the mechanical response of fibril is

1

Mo @

E_ is the modulus of the longitudinal spririg; is the modulus of the transverse spring, lkamnsl

o, =E e+KkE (@1~
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Figure 4 : Schematic diagram of model from Albanetal 2009)



The Exponential and Albanese models are basedeogatheral mechanical characteristic
of the collagen fibril under the applied load. Asnmodel has been formulated to better account

for the true physiological response under tensiel Igive by

PE.E E<E,
_ (B, -E)(e-&)°
Uf (é’) - ﬁEu£+ﬁ 2(55 _gu) gu <€< 55 (3)
/B[Esg_o-int] £>£s

where § is the cross-linking densityg, is the modulus of the unwinding regimi; is the
modulus of the stretching regime, is the strain where the unwinding regime endsjs the

strain where the stretching regime begins apdis the y-intercept of the linear stretching

regime.
2.2.2 Results
otress vs Strain Curve of Caorneal Collagen Fibrils
18
+  Experimental Data
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Figure 5 : Stress-strain curve of collagen fibril for exponahtwo elastic element and new
model compared with experimental data from VanRigret al (2006)
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The equations formulated to define the stressrstralationship of the collagen fibril
given by Equations (1), (2) and (3) were fittedhntihe experimental data to determine the values
for the parameters. The experimental data obtaireed Van der Rijtet al (2006) for collagen
fibrils tested under aqueous medium was used tahét equations. The stress-strain curve
obtained for the models is shown in Figure 5

Least square regression method was applied tdditeguations with the experimental
data. The values of the parameter were determindceaors for each equation were calculated.
The new model fitted the best with erroTRlue 0.9992. The Rralue of exponential model and
two elastic elements model were 0.9988 and 0.988gectively. The values for the three models
obtained after parameter fitting are given in Tdhle

Table 1 Parameters obtained from least square method

Model Parameter Values Error, R
Exponential Model a 4.7273 Mpa
b 0.3776 0.9988
Two Elastic Element E 1.9870 Mpa
Model Er 52.8120 Mpa 0.9986
K 0.1916
New Model = 2.340 Mpa
Es 7.0967 Mpa
&u 1.230% 0.9992
&s 3.761%
S 1

After fitting the parameters we can conclude tint €quations successfully depict the
mechanical characteristics of the collagen fibnidler tensile loading. The models created for the
collagen fibrils shall now be used to determine miechanical characteristics of the collagen

tissue.
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2.3 Modeling of Cornea Tissue

Corneal tissue is a soft biological material. Itnisarly incompressible in nature and
possesses non-linear elastic behavior. It undergwge deformation under application of load
and upon removal of load return back to its origstape. Such characteristics of corneal tissue
become the basis upon which the model will be exkat

The corneal tissue is composed of a matrix andageh fibrils. The biomechanical
response shown by the tissue is due to the chasie of its components. Thus a model of the
corneal tissue will be based on the charactergdtextracellular matrix and collagen fibril. The
models created for the collagen fibrils will betéssto see if it can reproduce the mechanical
characteristics of the tissue. The results fromahalysis will be compared with the laboratory
data to validate the model. The model which sassthe corneal tissue characteristics will be
represented in the modeling for entire cornea.
2.3.1 Methodology

The approach behind creating a model for cornesdué@ material is by applying
mathematical functions that depicts the true pHggioal response of the tissue. The equations
formulated for collagen fibrils and a constitutisveodel for extracellular matrix are combined
together to define the tissue material. Using thedeh simulations for the uniaxial test are
performed by implementing finite element analysetimod. The analysis was carried out in Total
Lagrangian system, using the material coordinaséegy. The stress and strain measures used are
Second Piola-Kirchhoff stress tensor and Right Gg«@reen deformation tensor.

The model developed was used to predict the stmedsr the given strain. For the initial
calculation displacement was assumed and strainstnedses values were determined. The

calculated stress values give the internal fof€§ of the system. The calculated internal force

12



was compared with the external foré&") to determine whether the condition of equilibriisn
satisfied. The external force is computed fromekternal load applied to the system. In our case
we apply uniformly distributed pressure over ondase. To satisfy the equilibrium condition,
the internal force must be equal to the externatefo The difference between internal and

external force is calculated as shown in equatign (
r:‘fint_fext‘ (4)
wherer is the residual of the forces and is expected tods zero. If is larger than zero than

Newton-Raphson Iteration method is applied un# talue ofr is less than a small tolerance

value. The finite element coding algorithm is gieiow:

Box 1: General Algorithm for the finite element analysis

(1) Input mesh, boundary conditions, material propsyttane stepAt), final time ¢) and
tolerance.
(2) Calculate element shape function, initial gradiehshape function and Jacobian of (all
elements.
(3) Assume displacemedt= d, (usually0) andt = 0.
@ t=t+ 4t
(5) whilet <t;
i.  loop over elements, calculat® andf® for all elements
ii.  Assemble forces
i.  Calculate residual for initial guessg = & - f™

iv. — while |||/ |fol]| > tolerance

a) calculate displacemerd,=d + [d(f™)/ d(d)]™** r

13



b) loop over elements, calculate nély
c) assemble internal force
d) calculate new residual
V. t=t+ 4t
vi. ifstep5 fails
a) t=t—4t
b) At = At/2
c) Return to step 4

(6) Update, output variables (displacement, stressstaadh)

The computation of the stresses and strain wera tasdetermine the internal force. The
sub-function for the calculation of the internalde is described in Box 2.

Box 22 Sub-function for the calculation of internal ferc

(1) compute the measures of deformation
a) Deformation gradientR)
b) Green Lagrangian Deformation tens@j (
(2) calculate Second Piola-Kirchhoff stress from thiodeation tensor

(3) compute the measures of deformation

f int — IéTSdQO

Qo

where B is the strain-displacement matrix for the Total tzamyian formulation an& is the

D
o

Second Piola-Kirchhoff stresd,is the jacobian andl,is the domain in the undeforme

configuration.
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2.3.2 Material Model
The corneal tissue model is based on the modell@@@ for individual collagen fibrils
and extrafibrillary matrix. The response of thatis is determined by using strain energy density

function (W, ) which is the sum of strain energy due to matt (. ) and product of strain
energy due to fibril ¥, ) and its angular density function. The angularbplnlity density

function gives the directional distribution of tbellagen fibril distributed over the corneal strip.
The total strain energy density of the cornealpstan expressed by Pinsky al (2005) as

follows

W

total

=y

matrix

+1T(Z(X,Y; H)Lpfibril(x’Y; 6)do ()
T

The total stress developed in the cornea tissueldeed from above equation can be expressed

as

S

total

=S

matrix

+1T<}(x,y; 0)Sq (M OM)dE (6)
ITO

2.3.2.1Collagen fibril

For the calculation of the strain energy densityilorfils, their orientation must be taken
into consideration. The angular probability densityction ng(X,Y;G) was adopted to describe
the fibril orientation, proposed by Pinsky al (2005). The probability density function is based
on the x-ray scattering data, which gives probgbiif fibril orientation at any point (X, Y)
making an anglé? with the x-axis along the orientation given by tat vectorM. The fibril
strain energy density multiplied by the density diilon gives the total strain energy of the
orientated fibril. The density function is expredse polar coordinate system as defined by

Pinskyet al (2005)
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@R, ¢;0) =cos™(0) +sin”"(f)+c, O0<R<4

AR.$;6) =sin™(-g)+c,  55<R<65 (7)

where ¢(R, @;6) is the expression of probability density functiarthe polar coordinate system.
The two equations represent the orthogonal andetatial orientation of the collagen
fibrils, which is governed by the radiuR, This model was originally developed for the entir
cornea and th& term is measured from the corneal axis passirmutir the apex or center of
the cornea. Radius less than 4mm represents thelkcpart of cornea where the fibril orientation
is in nasal-temporal and inferior-superior direotidhe orientation around the circumference of
the cornea is in tangential and radial directioefirled in the range of 5.5 and 6.5mm. The
orientation between the radius 4 and 5.5mm is talgethe transition from orthogonal to radial-
tangential direction. Figure 6 shows the approxeanatientation of the collagen fibril in the
cornea. Since our model is for the central cormesu¢, the radius is always less than 4mm in

this chapter. Hence, the first equation is suffiti® predict the stress strain response.
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Figure 6: Collagen fibril distribution in the cornea in twogberred orientation.
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The constants; andc; are found by normalizing the distribution functias shown below
1 m
~ AR ¢:6)do=1 (8)
ﬂO

The exponential constantwas evaluated by fitting to the x-ray scatteriagad The values of the
parameters used for the Pinsky model is given lnera.

The stress due to fibrilSqpy is evaluated by using the individual collagenifibrodels:
exponential, two elastic element and new modelessrnbed by the Equations (1), (2), and (3)
respectively. Since these equations are in singdged of freedom, they were transformed to the
three degree of freedom by appropriate mathematnalipulation. The Right Cauchy-Green
deformation tensor was transformed to small stdwy introducing stretch parameter as shown

below
£=A-1=(M'CM)"? -1 9)

where 1 is the stretch parameteG is the deformation tensor arM is the fibril orientation

vector. The fibril orientation vector is represehtes

cosd
M =|sind (10)
0

The stress obtained from the calculation is thestARiola-Kirchhoff stressR). The
Second Piola-Kirchhoff stress can now be expressssl= F P, whereF is the deformation
gradient. For the uniaxial test, deformation gratliean be expressed by the stretch along the
fibril direction. The total stress is then obtair®dintegrating the stress term with the probapilit

density function, as shown in Equation (6).
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2.3.2.2Collagen matrix
The collagen matrix is nearly incompressible fimdterial with low viscosity. The strain
energy density of Neo-Hookean model describes thkeaeacteristics and is expressed in terms

of Cauchy-Green deformation tens@) @s
_1 2 1
i (C)—Eﬂl(lrl J) —uind +§/J(tr(C)—3) (11)

where/ andu are bulk and shear modulus also referred aselsaconstants. The Right
Cauchy-Green deformation tensér= F'F is the second order symmetric tensor and it $esisf
material frame indifference.

The Second Piola-Kirchhoff stress tensBy ¢an be obtained from strain energy function
as shown in Equation (12). The stress tensor isrstmc in nature and also satisfies material
frame indifference.

Smatrix(c) = Za_LP
aC (12)
Smatrix = ,U(l— C_l) + A ln ‘]C_l
The values of the parameters for collagen fibritevedopted from Pinskst al (2005) and that

for extrafibrillary matrix is adopted from Pandadfi al (2008). The values are shown in Table 2.

Table 2: Parameter values for the cornea strip model.

Parameter A U G C n

Value 5500 Kpa 60 Kpa 0.45 0.72 4
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2.3.3 Geometric model

7

Figure 7: Cube element deformed under tensile pressure osidaand fixed on the other end.

A simple cube element was created for the analy$is.3-D element was fixed on the
left end and pressure was applied on the rightadon the positive x-axis as shown in Figure 7.
The displacement boundary was set up in such a@ndhat it allowed both lateral and
longitudinal displacements.
2.3.4 Review of experiments of corneal tissue stiffness

The behavior of the corneal tissue has been studidtie laboratory by performing
tensile tests on the tissue specimens. The resbitsined from these experiments are an
important benchmark for our research.

The results of the experiments are highly dependean the procedures used for the test.
It is found that the tissue response were veryigeaso the preparation, handling and testing of
the specimen. This has resulted to wide varyingeasf experimental results. Factors like age of
the person the specimen is extracted from, timgseld between extractions and testing, storage

conditions, testing environment, solutions used &atling strain rates for the test play an
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important role. A literature review was done to erstand the experiments and to study their
results.

Hoeltzelet al (1992) performed uniaxial tension test on boviaépit and human corneal
strips under cyclic loading to understand the balraof the tissue. They confirmed that the
stress and strain relationship were non-linearatume, with low tangent moduli at small loads
and high moduli at higher loads. They also dematetrthe effect of hydration on the sample by
measuring the change in dimension under varyingetheronmental conditions. The specimen
shrunk on dry environment and swelled under hydnati

Wollensaket al (2003) performed the stress-strain measurementoomal as well as
high cross-linked density cornea strips. The spensnwere prepared from 5 human corneas that
were excised along the superior-inferior directidime highly crossed linked density cornea
strips were obtained by treating the strips wittP6 Riboflavin solution followed by exposure to
Ultraviolet A (UVA) radiation. The UVA treatmentdauces cross-link, increasing the rigidity of
the cornea. Such treatments are successfully ueedthie treatment of keratoconus, a
degenerative eye disease caused by weakening méadissue. The test was performed within
1-2 hours of extraction of the specimen and thaltefiowed 328.9% high stiffness and 4 times
high Young’s Modulus of treated specimen when caegh#o the untreated ones.

Elsheikhet al (2008) carried out similar uniaxial tensile stresscornea strips extracted
along nasal-temporal (horizontal), superior-infer(@ertical) and diagonal directions. They
demonstrated that the specimens obtained alongedheal direction displayed high rigidity
compared to the horizontal and diagonal specim&nkw strain rate of 1% per minute, vertical
and horizontal specimens had similar stiffnessabditigh strain rate of 500% per minute vertical

specimens were 10% ~ 20% stiffer than the horizlyraad diagonally excised specimens.
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The measures of stress and strain recorded duhagekperiments have not been
explicitly mentioned in the literature. So, nomirsafess and small strain have been assumed
when implementing them in the analysis.

2.3.5 Results and Comments

The corneal model developed for the collagen Bbaihd matrix was encoded in a custom
finite element code. The models were analyzedayying the pressure from O to 400KPa. The
nominal stress and strain values were recordedstiads-strain graph was plotted. The analysis

was performed for all the three collagen fibril retsd

Stress-Strain curve for Mew Model
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Figure 8: Stress-strain graph fit for the new model.

For the new collagen fibril model, the stress-straalues were tried to fit with the
experimental data of Hoeltzet al (1992) and Wollensakt al (2003) by varying the cross-link
density parametef. As discussed earlier the experimental stresgstedues highly differed for
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each experiment, so we considered two sets of tdatampare our result. It is seen from the
graph that the model fitted very well with the Hael's data aff value equal to 0.425. This
value is a reasonable value for cross-link densithus our new model resembles the
experimental data to a very good degree. This shbatscross-link density parameter plays an
important role in describing the response of theagen fibril.

The model fit with the Wollensak’s data /atvalue equal to 0.05. The fit is not perfect as
that obtained for Hoeltzel's data and fhealue of 0.05 is very small and does not show any
physical sense. This might have resulted due toettperimental procedures carried out to
determine the stiffness by the Wollensak, or tiststef the collagen fibrils used to fit the data.
The treatments and handling during the experimeghihave resulted in loosening the stiffness
of the tissue.

The exponential model and the two elastic elementlehwere modified to include the
cross-link density by multiplying the equations hwihe cross-link parameter. The models fit
well with the Hoeltzel data #tvalue equal to 0.425 as shown in Figure 8.

In future investigations, the fibril and tissue rebaiill be used to determine the changes in
the mechanical properties for a keratoconic eyeibwlation on the entire cornea model. The

efficiency of the cross-linking treatment will beidied using such a model.
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CHAPTER 3
3.1 Finite Element Modeling of Human Cornea

Finite element models of cornea are very usefultmestudy the cornea’s mechanical and
biological characteristics. They have been extatgiused to study the defects and diseases of
the eye and also to predict the preoperative arstoperative responses for the refractive
surgery.

Pinskyet al (2005) developed an anisotropic cornea model basefibril density function to
determine the biomechanical deformation of cormeattidy the changes in cornea during and
after refractive correction operation. Pandafi al (2008) created similar model with two
preferred orientations of the collagen fibril. Thdgmonstrated the mechanical and optical
response of the cornea under varying material ptiege Their work emphasizes on dependence
on the fibril distribution to create a reliable nea model. Carvalhet al (2009) created a finite
element model of the human cornea to understanditimeechanical properties of the cornea for
the prediction of keratoconus. The mechanical ptagseof the cornea like elasticity and rigidity
were varied for constant IOP to induce keratocomushe model. They showed that finite
element models can be successfully used to modéidédkeratoconic eye.

An ideal human cornea model, defines the complex @mque characteristic of the
cornea. The reliability of the model is determirmdthe accurate representation of the collagen
matrix, collagen fibril and the architecture ofrflldistribution. In this study, an attempt has bee
made to create a realistic geometric and matermlaihto predict the true mechanical response
of the cornea, under the effect of intra-ocularspuee (IOP). Such a model will eventually be
used to determine the response of the cornea uth@erkeratoconic conditions. We will

determine the degradation of the stiffness of ikeaked cornea. The response study will help to
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predict the course of the disease. We will theemieihe how the corneal cross-linking helps the
cornea to regain its strength and stiffness andrawhe the effectiveness of the treatment. The
eventual goal is to use this modeling to creatateept-specific treatment regimen using collagen
crosslinking.
3.2 Mechanical Properties of Cornea

The cornea exhibits non-linear behavior under tpplieation of IOP. It shows both
material and geometrical nonlinearity. The geometionlinearity is due to large deformation
that is observed in the corneal tissue which widate large error if linear strain theory is
considered. The material nonlinearity is due tortbe-linear stress-strain response shown by the
matrix and collagen fibril. The collagen matrix ngpresented by a hyperelastic model. The
collagen fibrils and its orientation are taken ictnsideration to determine the biomechanical
properties of the cornea. The total response ofctireea is determined by considering strain
energy density function as is described in theofoilhg sections.
3.3  Modeling of Human Cornea

As discussed in Chapter 1, cornea is made up oaygr$é with the stroma layer
comprising 90% of the total cornea thickness. Tay®r is responsible for providing the great
majority of mechanical strength of the tissue (Rdiindet al 2006). Thus, the mechanical
response of the cornea can be approximated bymodeling the stroma. Similar approximation
has been made by Pandadt al (2008) and Pinsket al (2005) and the results obtained from
their test were fairly accurate with the experina¢diata.

The cornea material is considered as a heterogen@mn-linear anisotropic material
consisting of incompressible collagen matrix andlagen fibril. The collagen fibrils are

considered to be distributed in two preferred dicgcthroughout the cornea. At the center they
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are distributed orthogonally in nasal-temporal aridrior-superior directions. At the limbus they
are distributed in the circumferential and radiaéctions. The orthogonal arrangement smoothly
transition to the circumferential direction alorgettransition zone. For computational purpose,
the fibrils in the transition zone are linearlyarnolated to achieve the desired transformation.
Figure 6 shows the approximate distribution of¢bkagen fibril.

The deformation of the cornea results both rotatiod displacement at the limbus which
influence the changes in the cornea curvature. displacement boundary is setup to allow
rotation and restrict displacement along the ceofethe edge of the cornea. Restricting the
displacement does not greatly influence the chamgarvature (Pandolft al2008).

The cornea under physiological conditions is aaiedn by the IOP exerted by the
aqueous humor behind it. The aqueous humor is l¢e gelatinous fluid that fills the space
between the lens and the cornea. The IOP is unijadistributed over the internal surface and is
applied perpendicular to the surface. The concefullower forces is used to calculate the force
due to the IOP. Since IOP acts normal to the @maface, the direction of the pressure
changes as the cornea deforms. To maintain theatamagnitude and direction of the pressure

load with respect to the changing surface, follofeece is used.

|OP

Figure 9: Displacement boundary condition and pressureitggapplied in cornea model.

The approach used for creating the cornea tisswgehio Chapter 2 has been used for
creating the human cornea model. The material misdiedsed on the strain energy density of
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collagen fibrils and matrix. We have assumed ainaotn finite strain model with material and
geometric nonlinearity to describe the mechanisnthef human cornea under physiological
conditions.
3.3.1 Material model

The response of the cornea to the stress is eedluay the following strain energy

function developed by Pando#t al (2008)
W=U@J)+W¥ (13)
YC,M,M)=W_ (1)+W,. (,1,,1) (14)
where Wis the strain energy density of the corndijs the isochoric response due to the

combined strain energy density of collagen mam_%mx and collagen fibril, W, . UQ) is the

volumetric response parameter to enforce the incessibility to the model.
3.3.1.1 Collagen fibrils
The non-linear behavior of collagen fibril is numcatly expressed by the strain energy

function as defined by Holzaphfet al (2000).

mﬁbrn (|_1’ |_4’ I_B) = _Z%{eXp[kz (l_'D -1)%]-1} (15)
|7 =kl +(@-3k,)I, (16)

where I_lis the first invariant of the modified Right CayeBreen Deformation tenso€() and

I, and I_6 are its pseudo invariants. The invariants areesgad as follow:

|l:C_:“ .
I4='\/|ICIJ'\/|J (17)
I,=M/C,M

(<]
<
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The modified Right Cauchy-Green Deformation tenisothe deviatoric part of Right
Cauchy-Green Deformation tens@&,=1;"°C anddetC =1. M and M' are the unit vectors
which represent the mean fibril orientation in the directions as described earliér, and I
are the measures of stretch in thand M’ directions respectivelyk; is a stress like
parameter andk, is the dimensionless parameter. The valuek,aind k, are determined from

mechanical tests.

The dispersion parameter, defines the distribution of the collagen fibml the cornea

and the parameter introduces anisotropy to the mdde parameter was evaluated at each

integration point by using the equation establishy&andolfiet al (2008).

Kimin +Kimax _ Kimax +Kimin
K, (0) —( 5 j ( 5 jcos46? (18)
K (6,0)=K, +E(K-(9)—K- ) l—cos—2 ; (19)
1 ' I'min 2 I I'min RTz

Equation (18) describes the dispersion parametir negpect to angl@ measured from

the positive horizontal axis. The, obtained from Equation (18) is used in Equatio8) (b
obtain news; in terms of the anglé and radial distanc@ measured from the optical center of

the cornea. The values of. = 033d «.

i max I’ min

= 0133 These values provide preferred

orientation for 60% and dispersion for 40% of theif R is the radius of the transition zone

and its value is taken as 1.5mm (Pinskywl 2003).
The Second Piola-Kirchhoff stress for the collagbril is evaluated from Equation (15)

as follows:
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awfibril 0 I i

Swn =250 = 22K wexple (11 =) =)7L (20)
where 914 s o 1 .
%4 (4(1-—0 1)+ @A-3k,)(M DM—§C I4)j
e (21)
ole _ | U3 _Te _} -1
= (6(1 CH)+U-3k)M' DM -2C Ie)j

In equation (21),1 is the second-order identity tensor, ({18,, =J,,, wWhere J,, is the

Kronecker delta.

The fourth order tangent modulus ten€bror Cagcp, resulting from above equation is expressed

C Zanlbrll
oC
Casco =4k, ) ex I -1 (1+2k I -1 ) ! i -1 i
ABCD |Z4:6 p(kz( ) ){ ( ) aCAB aCCD ( )—aCABCCDJ
2 -
where e Th e O 23)
0CsCop GCABGCCD GCABOCCD
021, 1 1 )
—aCABaéCD = —5 | 31/3(5ABCC:|L3 _5 |1CAlchlo + CA:ILSJCD - LABCDl lj (24)
azl_ 1. _ ~ 1 o ) 1
—aCABaéCD = —5 | 31/3(M AM BCClD _g I 4CAlBCC1D + CAlBM CM D _E LABCDl 4j (25)
aZl_ 1 _ , o 1 B B ) ' ’ 1
—aCABaéCD = —5 | 31/3(M AM BC(:lD _5 | 6CAlBCC:|L3 +CA%3MCM D _ELABCDl Gj (26)
- _0C;
In equation (24)L or L jgep = —.
0C.p

3.3.1.2 Collagen Matrix

The extrafibrillar matrix is represented by an Impyessible Neo-Hookean Model as

mma'[rix = ,uo (I_l _3)/ 2 (27)
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The stress and the tangent modulus for the Neo-eloknodel is expressed as follows:

— 2anmatrix = :Uol 3—1/3(1_%|1C—1) (28)

Smatrix
oC

-3
C= 2686'?” = 2”0;3 ('—21L +éI1C‘1 oc*-10c™-c™Oy) (29)

The cornea material is considered as an incomessnaterial. To ensure the
incompressibility constraint during deformatione ghenalty functiord is defined. According to
Pandolfiet al (2008) a suitable penalty function for the cormaaldel can be represented by

U =Klog®J (30)
whereK is the penalty parameter and J is the Jacobiaithwé the ratio of the volume in the
current configuration to the reference configumnatiodathematically J =det(F)and should
always be greater than 0 afRdis the deformation gradient tensor. Penalty patani€ is a
deformation independent parameter and is alwayatgrahan zero. When the value Kfis
infinity the constraint condition is fully satistle Hence, a high value &f is desired to satisfy
the incompressibility condition, though a valuetttgatoo high could lead to an ill-conditioned

stiffness matrix. The stress and tangent modulestdwolumetric part is
S, = 2KC *logJ (31)
C,, =2K(C*OC™-Llogd) (32)

The total stress developed in the cornea can nowritien as

S = SvoI + Sfibril + Smatrix (33)

Table 3 Parameter values for the cornea model

Parameter U Ky ko K

Value 60 Kpa 20 Kpa 400 5500 Kpa

Data obtainedrom Pandolfi et al (2008)
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3.3.2 Geometric model

L-0.627 mm
A

2.57 mm

%
11.67 mm

Figure 10. 3-Dimensional finite element model showing thenensions of the cornea. The outer
diameter of the cornea is 11.61mm with thicknes823fum at the center and 7%6n at the limbus. The
maximum elevation at the apex is 2.52mm.

The cornea has a complex geometrical structure wibth-uniform curvature and
thickness (Pandolfet al 2006). The interior and exterior surfaces havdedght radius of
curvature. This creates varying thickness in theea. It is thinner at the center and thickness
towards the edge as shown in Figure 10. Dubbeletah(2006) measured the cornea geometry
for the internal and external surfaces of the hue@mmnea. We have used their data for creating
our geometric model.

The geometry of the cornea model was meshed imode@-hexahedral elements by using
the parameter based mesh generator developed lmplRagt al (2006). The mesh was first
created in thex andy plane and is projected onto th@xis to develop a 3-dimensional model.

The internal and external surfaces of the cornead@med by using following biconic surface

equation in the cylindrical coordinate systemd 2 by the following equation.

. _ 0°A
z 165 !R lelQ !Hxl =, ——F— 4
(0.6:R, y y z,) = 2, l+m (34)
F(O0-6 in’(@-6,
where A= (0-6,) , sin'(6-6,) (35)
R, R,
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and B=(Q, + 1)% + (Qy +1) sin (:5_ 6,) (36)

The parameter is the maximum apical heighR, andR, are the maximum curvature of the
principal meridian,Qx and Qy are the asphericity parameters; afidis the direction of the
steepest principal meridian. The values for thesarmeters are given in Table 4.

Table 4: Parameter used for creating the 3-D motdebrnea

Parameters External Surface Internal Surface
Ry 7.71 6.365
Ry 7.87 6.69
0, 93 degree 93 degree
Qx,Qy -0.41 -0.52
Z0 2.52 1.891

Data obtained from Dubbelman et al (2006)

Figure 11: Top view, side view and general view of the 234fednts meshed human cornea.
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3.4  Results and Comments

The cornea model developed in the above sectionimvpkemented in a custom finite
element code. The algorithm of the code used ferahalysis is similar to that described in
Chapter 2. The model was analyzed for pressurangfyom 0 up to 30 mmHg (slightly above
the physiological pressure range of 18 mmHg). Teah displacement values were recorded for
the varying pressure values. The graph of the hisplacement versus pressure was plotted for
1170 and 2340 elements. The resulting graph wagawed with the laboratory experimental

result published by Andersat al (2004) as shown in Figure 12.

Fressure vs. Displacement
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Figure 12: Pressure-Displacement profile for the human cornea

The graph shows that the apical displacement reshiliined for the 1170 and 2340
elements are very similar. The error found for thve meshes is 0.06%. We also compared

maximum Von Mises stress to check for the convargesf the two meshes. It was seen that
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despite the displacement values converged comyplétel error in the stress was found to be
2.45%, which is considered adequate for this ingasbn. The stress versus pressure graph for

the two meshes is given in Figure 13.

Stress vs., Pressure
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Figure 13 Stress versus pressure for 1170 and 2340 mesteetse showing the convergence of
the stress values.

A fairly linear response of the cornea is obtaifmdthe pressure values that we have applied in
our model. The simulation results matches very wit the laboratory experimental data. For
pressures higher than the physiological IOP werdszba non-linear response, which is shown

in Figure 14.
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Figure 14: Non-linear response obtained for the cornea madeigh IOP.
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Figure 15: Displacement mapping of the human cornea at 18 miaifg
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Figure 16: Cross-sectional view of displacement in the corrniédee solid figure shows the
original structure and the wire frame figure shdtws deformed shape of the corneal due to 18
mmHg of pressure.

The displacement mapping of the cornea is showsgare 15. We notice that maximum
displacement occurs at the center and it gradwabreases towards the periphery. Figure 16
shows the cross-sectional view of original and de#a shape of the cornea. The solid figure
shows the original cornea geometry and the wiremn& shows the deformed shape after
applying 18 mmHg of pressure.

The stress distribution in the cornea can be obthfor analyzing the results. The stress
distribution will be useful to predict the stresmcentration over the cornea for later studies of

keratoconus eye. Figure 17 shows the Von Misessstreapping of the cornea.
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Figure 17: Stress mapping of the cornea.

1S months

Figure 18 a) Spiral pattern obtained for the cornea modehfaximum in plane shear
b) Spiral pattern observed in the rat corneatdwspecial arrangement of cornea cells
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Figure 18a) shows the maximum in plane shear dpedlon the cornea at 18 mmHg.
The shear direction forms a pattern resemblingheowhorl pattern observed in the epithelial
cells of mouse and rat cornea. These patternseuelaped by the special arrangement of the
epithelial cells (Bororet al 1973, Patekt al 2006). The spiral form starts appearing when the
mouse reaches 3~6 to 10 weeks old. Figure 18b stimavspiral pattern of a 15-month-old rat.
The generation of such patterns in the cornea lasyat been fully understood. This
resemblance of the computational result with theattyic morphogenesis of the eye indicates
that the computational model can truly lend insigitb the behavior of the cornea. Further
studies on the morphogenesis will be carried withttelp of the developed model in the future.

A finite element model has been created to remithé physiological condition of the
normal cornea. The results obtained from the amsabfsows that the model is able to define the
biomechanical properties of the human cornea. Dneea model can now be used to predict the
change in the biomechanical properties due to thgradlation of the cornea tissue during
keratoconus. It can help to understand the disaaddo find an efficient treatment to cure and

prevent it.
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CHAPTER 4
4.1  Conclusion and Comments

The cornea is the medium through which the worlpesceived. It is responsible for two
thirds of the optical refraction of the eye (Geétral 2008). The unique transparent nature of the
cornea allows light to pass through the eye whielkes vision possible. Our study of the cornea
is based on understanding the biomechanical respoinsornea. The study was carried out in
three different hierarchy levels of cornea fromrifibtissue to entire cornea. The multi-scale
study helps to understand and correlate the respfsom the microscopic level to the tissue
level. We studied the mechanical properties ofagmh fibrils, corneal tissue and the entire
cornea and have tried to co-relate them to undeddtee biomechanical of the cornea.

The non-linear behavior of collagen fibrils wasastigated and equations were set up to
describe the characteristics of collagen fibril @ndhe application of load. The stress-strain
relationship was defined through an exponentiabéqon. The equation formulated by Albanese
et al2004 was used and a new equation was also develb@sed on the physiological response
of the collagen fibrils. The three equations wetevith the experimental data using least square
regression method and the values of the parametens determined. The new model fit the
experimental data most perfectly with the leasbreamong the three equations, though all fit
well.

The equations used to define the collagen fibrilenesed to create the material model for
the corneal tissue. The cornea tissue materialrefaesented by matrix and collagen fibrils. A
Neo-Hookean model was used to represent the math&. non-linear stress-strain curve was
traced for the tissue under tensile loading. Thesstinking parametef was used to fit the

result with the experimental value. The resultfita from Hoeltzeét al (1992) forf value equal
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to 0.425 very well. This demonstrated a correlatoiit for the two hierarchy of collagen and
also demonstrated the importancggab the strength of the cornea.

Finally a finite element model of the whole humamnea was simulated. The material
and geometric model was created using the modetenteby Pandolfet al (2008). The matrix
was represented by an incompressible Neo-Hookeaelmbhe collagen fibril in the cornea was
distributed in two directions with 60% of the fibralong preferential orientation and the
remaining 40% with random orientation. The finitereent model with 2340 elements was used
for the analysis. The result obtained from the ysial showed a non-linear response of the
cornea to the IOP. The most interesting part of risult was the ability to observe that
maximum in-plane shear strains produce a similaorivpattern to cells by the biological
morphogenesis that can be seen in the cornea.

The integral developed for the evaluation of stiresllagen fibril given by Equation (6)
is very complex. It was directly unsolvable and muically inefficient so it was impractical to
use the equation for modeling the whole cornea JTWweasopted for the model used by Pandeifi
al (2008) instead of our model.

The next step after creating the finite element ehoof the cornea will be to fit
parameters to the model. The material parametdrbeaviit using a mathematical algorithm by
inputting the loads into a finite element model att@mpting to match the recorded deformation
obtained from the laboratory.

The geometry measured in the laboratory is ofdéfermed cornea due to the IOP. So,
the unloaded geometry of the cornea will be deteechiby using an iterative procedure. For this
procedure the laboratory scanned geometric dath bgiltaken as the initial guess for the

undeformed configuration. A finite element simubatiis carried out to determine the resulting
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displacement. The displacements are then useddolat® the next assumption, and the process
continues until the final loaded configuration niegs the unloaded geometry to within a given
tolerance. The application of the undeformed camfigjon for the analysis will improve the
accuracy of the result.

The finite element model developed for the normahhn cornea can be used to study
various complexities of the eye. The model creatdtibe used for studying the keratoconus
diseased eye. This disease is caused by the ledalizakening of the corneal tissue resulting in
vision imperfections. The defect will be induced tile model by varying the mechanical
parameters of the cornea at normal IOP. The degdlopodel will be used to calculate the
amount of stiffness degradation in the linked fshéue to keratoconus.

Corneal cross-linking is a method to strengthen atabilize the cornea against
keratoconus. The outcomes of this treatment arergly unpredictable. The model will be used
to correctly predict the result of the treatmendtl &relp to minimize risk associated with it. A
guantitative model will be developed to determime amount of stiffening due to collagen cross-
linking and the effect of UVA radiation and ribofia concentration will also be determined.

The finite element model will be tested by applyispecific treatments to cornea and
predicting the outcomes in terms of stiffness aafbmed shape. Once the model is developed,

it can be efficiently used for patient specific eado optimize the results of the treatment.
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