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Cornea is a soft tissue with the principal function of transmitting and refracting light rays. 

It is composed of many different layers; epithelium, Bowman’s layer, stroma, Decemet’s 

membrane, and endothelium. It is well developed that biomechanical properties of the 

cornea are mainly due to the microstructure and composition of the stroma layer. The 

stroma constitutes 90% of the thickness and is mainly composed of collagen fibrils, 

proteoglycans, and interstitial fluid. The cornea in in-vivo condition is constantly subjected 

to membrane tensile stresses caused by the intraocular pressure. Therefore, a detailed 

understanding of its mechanical behavior in tension is required to enhance the accuracy of 

numerical models. Although uniaxial tensile experiments have been widely used to 

determine the tensile stress-strain behavior, available data in the literature shows a large 

variation. 
 

In this thesis, a uniaxial tensile testing machine was first designed and built. This custom-

made machine was used to investigate the effects of different parameters, such as loading 

rate, structural anisotropy, hydration, and riboflavin-UVA crosslinking, on immediate 

stress-strain and time dependent stress-relaxation behavior of the cornea. To this end, 

corneal strips with known dimensions were dissected from bovine eyes and were tested 

under immersed conditions. It was observed that the corneal stroma is a viscoelastic 

anisotropic material. In particular, the corneal strips obtained from the inferior-superior 

direction were significantly stiffer than those dissected from the nasal-temporal orientation. 

Moreover, the tensile stiffness of the samples increased with increasing the loading rate. 

Through testing corneal strips at different hydration levels, it was shown that hydration 

significantly affects the tensile properties; both tensile stiffness and stress significantly 

decreased with increasing hydration. Finally, the riboflavin and UVA irradiation were used 

to crosslink the corneas and investigate the biomechanical effects of collagen crosslinking 

treatment. It was seen that the riboflavin/UVA treated bovine corneal samples became 

significantly stiffer. The numerical exponential and power-law expressions were 

successfully represented the experimentally measured stress-strain curves. In conclusion, 

the present research study not only characterized the mechanical behavior of bovine cornea 

in tension, but it also provided new possible explanations for the existing wide variation in 

the reported corneal tensile behavior. The proper characterization of material properties is 

essential for developing more accurate computational models to predict corneal mechanical 

behavior. 
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Chapter 1 

Introduction 

1.1. Motivation 

Cornea is a connective tissue with several important functions. It transmits visible light and 

focuses it on the retina. In order to function properly, the cornea needs to maintain its 

transparency and high mechanical stability. High amount of collagen fibers in the cornea 

gives the desired strength for bearing intraocular pressure and the possible impact from 

outside. Any disorder in the ultrastructure of cornea could affects its biomechanical 

properties.  

For example, laser in situ keratomileusis (LASIK) is a common eye surgery with over 30 

million operations being carried out every year1. In LASIK, a cut is made through the 

cornea to create a flap, Figure 1.1(left). The cut through the stroma will damage 

considerable percentage of collagen fibrils and could possibly result in Keratoconus2, 

Figure 1.1(right). Keratoconus is an eye disorder in which the cornea becomes soften and 

the corneal curvature increases. 



2 

 

 

Figure 1.1. (Left) LASIK procedure. The cut through the stroma will damage considerable percentage of 

collagen fibrils (with permission from1), (Right) Keratoconus cornea (adapted from 

http://keratoconusinfo.files.wordpress.com/2009/12/right_lens1.jpg). 

 

To find the new treatment or improve the current treatment methods, it is needed to have a 

comprehensive understanding about the mechanics of the cornea.  

There are different ways to measure the mechanical properties of the cornea. One of the 

most commonly used method is the in vitro uniaxial tensile experiments. In this thesis, this 

testing method is used to determine the stress-strain, stress relaxation and dynamic 

mechanical properties of the cornea in tension. In addition, influence of collagen 

crosslinking treatment on the stiffness and corneal properties is investigated. 

1.2. Specific aims 

The specific aims of this thesis are: 

1) Characterizing the rate dependent and anisotropic tensile behavior of bovine cornea 

2) Determining possible effects of bathing solution on tensile behavior of bovine cornea 

3) Characterizing hydration dependent tensile properties of bovine cornea 

4) Investigating the stiffening effects of corneal collagen crosslinking on stress-strain 

behavior of the cornea in tension 

http://keratoconusinfo.files.wordpress.com/2009/12/right_lens1.jpg
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1.3. Approach 

An uniaxial tensile test was used to characterize biomechanical response of the cornea. 

Steady state, time dependent stress relaxation, and dynamic behavior of cornea were used 

to study mechanical properties of cornea. Different displacement rates were used to 

investigate strain rate dependency properties of cornea. In addition, anisotropy was 

examined by conducting tensile test on the NT and IS strips under same conditions. Bathing 

fluids including Saline solutions, DI-water, PBS, OBSS, and Mineral oil were used to fill 

the submersion chamber during uniaxial tensile test to analyze the effect of swelling on the 

mechanical behavior of cornea. Water content and thickness influence on the corneal 

stiffness was conducted by using mineral oil as a bathing fluid. Mineral oil maintained the 

hydration constant. Collagen crosslinking treatment effect on biomechanical properties of 

cornea was investigated using uniaxial tensile, stress relaxation, and frequency sweep tests. 
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Chapter 2 

Background 

2.1. Ultrastructure of cornea 

Eye is the gate to see the outside world. Eyeball position, skull shape, and muscles around 

eyeball protect eye from injury3. In addition to impact injury, different diseases may affect 

visual ability and biomechanical properties of eye. Keratoconus, glaucoma, and cataract 

are some examples of eye disorders. There have been different studies for improving vision 

ability and finding treatments for patients4-6. 

Cornea is a barrier between outside world and inside of eye as shown in Figure 2.1. It is a 

connective tissue with several important functions. Cornea transmits visible light and 

focuses on the retina. In order to function properly, the cornea needs to maintain its 

transparency and high mechanical stability which ensures maintaining the shape and 

curvature of eye. 

The central curvature is 7.8 mm which is larger in the nasal-temporal (NT) direction than 

inferior-superior (IS) direction. Human corneal diameter is about 11 mm and it is slightly 

bigger in the NT direction than IS direction7. The central human corneal thickness is 0.5 

mm which increases in the periphery1. The anatomy of eye globe varies among 
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mammalians. Bovine corneal diameter, curvature, and thickness are 20 mm, 17.5 mm, and 

0.75-0.87 mm1, respectively.  

Cornea is a highly organized tissue and constitutes of five layers, in Figure 2.2: epithelium, 

Bowman’s layer, stroma, Decemet’s membrane, and endothelium, respectively from 

anterior to superior side. 

 

 

Figure 2.1. Main organs of eye. 

Decemet’s 

membrane 

5-12 µm 

Epithelium 

50 µm 

Endothelium 

4-6 µm 

500 µm 

Bowman’s layer 

~10 µm 

Figure 2.2. Stroma layers and their thicknesses of human cornea 

(Adapted from http://www.vetmed.ucdavis.edu/courses/vet_eyes/images/archive/s_4015_a.jpg). 
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1. Epithelium: The epithelium is a stratified layer with 50 µm thickness. Eye blinking 

moisturizes the epithelium surface and keeps it smooth. Epithelium cells turnover every 7 

days8.  

2. Bowman’s membrane: Bowman’s membrane is an acellular layer with 10 µm thickness 

composed of randomly organized collagen fibrils mainly types I, III, V, and VIII 9. The 

fibrils inside the membrane form a network that functions as a connection between 

epithelium and stroma.  

3. Stroma: The stroma forms 90% of the corneal thickness and is mainly responsible for 

the mechanical properties of cornea. Stroma is the stratified part of cornea with compact 

ultrastructure composed of collagen fibril rich extracellular matrix. Stroma comprises 

keratocytes, extracellular matrix, neural tissue, and fibroblastic cells10. Collagen fibrils are 

bundled in thin sheets called lamella. The lamella distribution is equal in the vertical and 

horizontal direction11. While in the posterior side of stroma, they cross each other 

orthogonally, in the anterior part, they are not well organized and interweave each other9. 

In each lamella, the collagen fibrils are aligned in a specific direction. In the human cornea, 

diameter of collagen fibrils is 31-34 nm in the center and increases to 50 nm in the 

periphery12. The interfibrillar distance has been measured using x-ray scattering. While 

Ehlers and Hjortdal7 reported 40-45 nm, in the Fratzl’s study9, the interfibrillar distance is 

presented as 57 nm in the center and 62 nm at the limbus. Different types of collagen exist 

in the cornea with specific functions and distributions; Collagen type I (58%), collagen 

type V (15%), VI (24%), and small amount of XII and XIV are available, too7, 9, 13. It is 
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assumed that the collagen type XII controls the interfibrillar distance by forming the 

interfibrillar bridges. 

 

Figure 2.3. Collagen fibrils are bundled in thin sheets called lamella. 

In each lamella, the collagen fibrils are aligned in a specific direction 

(with permission from14). 
 

Proteoglycans and other proteins exist in the extracellular matrix which fills interfibrillar 

spaces. Proteoglycans have a core protein molecule with covalent bonds to 

glycosaminoglycan (GAG) side chains. Proteoglycans connect to the surface of collagen 

fibrils15. Because GAGs have a negative charge and are hydrophilic, hydration of cornea 

highly depends on the proteoglycans density and distribution9, 15. Chondroitin sulphate, 

dermatan sulfate, heparan sulfate, and keratan sulfate are the four proteoglycans in the 

stroma.  

Wide angle x-ray diffraction (WAXRD) is used in many of previous research to study 

distribution of fibers through the cornea. The obtained pattern showed that collagen fibrils 

are mainly oriented in the in radial direction and also fibril density is higher in the two 

orthogonal directions16. Daxer and Fratzel11 reported fibril orientation is not uniform and 
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density of fibrils in the 45º sector around IS and NT direction is twice as oblique sections: 

therefore,, human cornea is stiffer in the IS and NT directions than oblique directions. This 

anticipation has been confirmed in the uniaxial tensile test17. A recent study by Meek and 

Boote18 proposed a distribution pattern, based on the intensity of the x-ray images, that 

illustrates some lamellas crossing the cardinal points without entering the central zone.  

 

Figure 2.4. Vector plot maps obtained using WAXRD 

showing that there are collagen fibrils in all radial direction 

and also fibril density is higher in the two orthogonal 

directions for human cornea16. 

4. Descemet’s membrane: Decemet’s membrane is a thick basal lamina placed between 

stroma and endothelium. The layer thickness increases with the age from 5 to 12 µm10. 

5. Endothelium: Endothelium is a 4-6 µm single cell layer which contains about 400,000 

cells. Endothelium does not change or regenerate in the whole life10. The most important 

function of endothelium is to keep the hydration of cornea in the physiological range9. 
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2.2. Mechanics of cornea 

Mechanics of cornea has been studied using several mechanical testing methods: inflation 

test, unconfined compression experiment, and uniaxial tensile test. Inflation test setup as 

shown in Figure 2.5, is used to simulate the physiological condition in the laboratory19-21. 

For the normal eyes, an initial intraocular pressure in the range of 1.4 to 2.8 KPa1 is applied 

inside eye globe or on the posterior side of corneal scleral ring. Next, the pressure is raised 

and the apical rise is measured using the imaging techniques. The inflation test has 

following complications and limitations. Pressure change will cause deformation in not 

only cornea but also sclera and it is difficult to measure deformations separately; thus 

ascribing all of deformation to cornea produces error in the results. In addition, using fluid 

to manage the pressure results in corneal swelling which affects displacement and 

mechanical behavior of cornea. 

 

Figure 2.5. (Left) The bovine cornea in the inflation test with flakes on the surface, (Right) 

schematic plot of device set up for inflation test22. In the inflation test, an initial pressure 

in this range applies inside eye globe or on the posterior side of corneal scleral ring. Next, 

the pressure is raised and the apical rise is measured using the imaging techniques (with 

permission from19). 

Cornea 

P 
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Compression test is a well-established experimental method to characterize mechanical 

behavior of tissues such as articular cartilage23, 24. In this experiment, the specimen is 

placed between a fixed platen and another platen that moves down and applies pressure as 

shown in Figure 2.6. There are two procedures for compression experiments, confined and 

unconfined compression. In the first method, the specimen is confined radially in a 

chamber, so there is no radial expansion and the above platen is permeable. In contrast, in 

the unconfined compression the specimen is free to expand in radial direction and two 

platens are impermeable. 

 

 

 

 

Figure 2.6. In the compression test, the specimen is placed 

between a fixed platen and another platen that moves and 

applies pressure. There are two procedures for compression 

experiments, unconfined (left) and unconfined (right) 

compression (with permission from 25, 26).  

The uniaxial tensile test is the most common experiment used to study the mechanics of 

cornea. In the tensile test, specimen is secured between two clamps which hold specimen 

tightly and prevent any sliding. One of the clamps is fixed and the other clamp applies 

displacement control or force control load to specimen through a driver. Tensile test is 

popular because in the in-vivo condition the intraocular pressure creates tensile forces in 

the cornea. There are several previous works on the tensile properties of cornea20, 22, 27, 28.  
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In the following, we review some of the previous work which used uniaxial tensile 

experiments for characterizing corneal mechanics. Elsheikh et al17 performed uniaxial 

tensile test on the human and porcine corneas. The result show that the human cornea at 

two different rates and ages is stiffer than porcine cornea. Boschetti et al22 assessed steady 

state and stress relaxation behavior of porcine cornea for multistep load applying. They 

also reported Elastic modulus and Poisson’s ratio of porcine cornea. Kampmeier et al28 

reported effect of temperature on biomechanical response of cornea in tension and stress 

relaxation tests. Their results indicated that temperature raise stiffens the cornea and 

reduces extensibility. Kaplan and Bettelheim29 has studied the dynamic properties of 

bovine cornea. In their study, loss modulus, storage modulus, and tan() were measured in 

the temperature sweep test. 

The previous studies showed a wide variation in the measured stress-strain behavior and 

stiffness of cornea. One goal of this thesis is to provide new possible explanations for the 

existing wide variation in the reported corneal tensile behavior. The proper characterization 

of material properties is essential for developing more accurate computational models to 

predict corneal mechanical behavior. 

2.3. Riboflavin/UVA Crosslinking Treatment 

Keratoconus is a progressive non-inflammatory stroma thinning disorder. The previous 

investigation estimated that from every 100,000 people, about 55 persons have this 

disease30. The reported data showed that Keratoconus corneas have significantly lower 

stiffness comparing to normal corneas and show softer behavior under applied load31-33. 

Softening effect and change in corneal curvature impair the vision and light will not be 
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focused correctly on the retina. In this disease, patient will not become blind because of 

Keratoconus, but clear and correct vision loss are common consequences30. 

Corneal crosslinking is a new introduced method for halting progression of Keratoconus 

and recovering corneal biomechanical properties34-36. There are many studies that have 

been examined the treatment in the in-vivo and in-vitro conditions to investigate various 

effects on corneal biomechanics and vision. Long term investigation mechanical properties 

of cornea after collagen crosslinking has shown 81% to 95.5%  halted in Keratoconus 

progression36, 37. 

Hayes et al38 stated in the crosslinking treatment, new bonds have formed within collagen 

molecules and proteoglycans and also between collagen molecules and proteoglycans. 

They concluded that this is the reason for increased stiffness and integrity of cornea 

ultrastructure. Immunofluorescene imaging showed that collagen fibers are condensed and 

organized after treatment and this effect is available in 182.5 µm crosslinked zone39, 40, in 

Figure 2.7. Increased stiffness post-treatment enables cornea to retain the correct curvature 

for focusing the light on the retina39-41. 
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Figure 2.7. Immunofluorescence confocal microscopy of (Right) Control porcine 

stroma, and (left) Crosslinked porcine stroma. The collagen fibers become more dense 

and organized following collagen crosslinking39. 

Different mechanical testing methods have been used to obtain a comprehensive 

understanding of crosslinking treatment effects on the cornea. Søndergaard et al42 reported 

that the crosslinking treatment improves the shear resistance of cornea in both anterior and 

posterior section of treated cornea42. Reduction in swelling pressure (the mechanical 

pressure applied to the surface to prevent swelling) was observed for the full thickness 

cornea and also anterior and posterior corneal flaps43. Kontasakis et al44 did the indentation 

test on the cornea and stated there is no significant difference in compressibility (the slope 

of force versus deformation in the transverse direction) between crosslinked and control 

corneas. 

Uniaxial tensile tests have also been used to study the crosslinking treatment. Wollensak 

et al41 measured 328.9% and 71.9% increase in the applied stress to the treated human 

cornea and porcine cornea, respectively, comparing to the untreated corneas. McCall et al45 

reported 145% and 167% increase in the breaking strength of shark and rabbit crosslinked 

cornea, respectively. In addition, they have reported that crosslinked cornea using UVA 
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only or Riboflavin only does not have any significant effect on the breaking strength. 

Spoerl et al46 examined the effect of UV wavelength on the biomechanical properties 

change. The results indicated that the stress strain behavior of porcine crosslinked cornea 

is stiffer when UV light with 365 nm wavelength is used that when 254 and 436 nm UV 

light is used. Wollensak et al47 measured biomechanical response of crosslinked rabbit 

cornea immediately after treatment, after three months, and after 8 months. They reported 

85% increase in rigidity of cornea and also no significant effect due to time of 

measurement. 

In the current study, effect of collagen crosslinking treatment on the tensile stress, stress 

relaxation and dynamic properties of bovine cornea was measured. In addition, effect of 

water content of crosslinked cornea on the stress strain behavior and tangent modulus was 

examined. 
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Chapter 3 

Materials and Methods 

Research work presented in this thesis can be divided to the main five categories as shown 

in Figure 3.1. 

 

3.1. Sample Preparation 

Fresh bovine eyes were obtained from local slaughterhouse. The enucleated whole eyes 

were transported on ice in plastic bags in a cooler. Intact eye globes with undamaged 

epithelium were chosen to dissect and used in the experiments. In a dissection pan, eyes 

Figure 3.1.Summary of research works have been done in this thesis. 
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were dissected. Special care was taken to prevent any damage to cornea through dissection. 

First, using a sharp scalpel, a hole was created in the sclera and with a surgery scissor, a 

corneal scleral ring was obtained from each eye globe. The custom made double bladed 

parts were built to punch strips including 2-3 mm of sclera with 3 and 5 mm width. The IS 

and NT directions were determined based on the shape and dimension of whole eye globe. 

Strips were cut in the IS and NT directions to use in different sets of experiments. Some of 

the samples were used for the tensile test at the same day and others were wrapped in a 

cling film and kept in -80oC freezer. Prior to the experiments, frozen specimen was let to 

thaw for 15 minutes. Five corneal stromas were tested in each category. 

3.2. Tensile device 

To study the mechanical properties of the cornea in the tension, we built a tensile testing 

device. Previous designs were reviewed and strengths and drawbacks of each designs were 

analyzed. In addition, based on the previous reports, the required specifications which were 

necessary for doing uniaxial tensile test on the soft connective tissues were collected. It 

was tried to achieve to the best design to satisfy both mechanical standards and test 

requirements. 

The tensile test on the cornea should be done in the submersion chamber to simulate the 

physiological condition. Therefore, it was a main criteria to design the device in order to 

have a chamber that can be filled with the proper solution. Designing clamps that can hold 

the sample tightly and ensure good gripping was another important step. For this purpose, 

it was decided to serrate both top and bottom clamp plates, so the sample was secured 

completely and it prevented any slippage as shown in Figure 3.2.  
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By reviewing the previous designs and assessing type of our experiment’s requirements, it 

was a better choice to design and assemble the tensile device horizontally instead of 

vertically. One advantage of this setup is that if there is any vibration because of stepper 

motor, the continuous contact with ground will absorb the vibration and prevent any noise 

in the measurements. In the horizontal setup, one side should be fixed and the load is 

applying from the other side. Choosing the appropriate driver and load cell was left for 

after finalizing the design. Based on this findings, the initial setup was designed as shown 

in Figure 3.3. 

Figure 3.2. The grips were serrated to 

prevent any slippage. 
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The range of possible load that may apply to the cornea in the tensile test was estimated. 

Using the force data and analyzing different applied stress, the connections between motor 

and clamps and between clamps and fixed end were determined. When assessing the 

possible stresses and moments in the design accurately, one deficiency was found. The 

weight of arm and the clamp that was connected to the load cell applied significant moment 

to the load cell. The moment could affect the measured force value. Therefore, the load 

cell position was moved next to the clamp and with further analysis of stress at different 

points of device, the design was finalized as shown in Figure 3.4.  

Stepper motor 

Fixed end 

Load cell 

Applied load 

Clamps 

Figure 3.3. Initial design of uniaxial tensile device based on the requirements 
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Measuring thickness and width during the experiments provided beneficial data for the 

deformation and swelling behavior of cornea. For this purpose, it was decided to install 

two cameras horizontally and vertically, Figure 3.4(a).  

Since, it was our goal to conduct displacement rate dependency of specimen, a 

displacement control stepper motor was selected to use in the device. A stepper motor 

(Precision Linear Stage NLS4, NEWMARK SYSTEM INC., California, USA) with the 

resolution of 0.13 µm which was made of light and stiff Aluminum (6061) with a stainless 

steel lead screw was chosen. A smooth motion with a good load capacity was achieved 

with linear guide bearing. The stepper motor was connected to a stepper motor controller 

(b) 

(a) 

Figure 3.4. (a) Isometric view, (b) schematic plot of modified uniaxial tensile device design. Two 

cameras were added to measure the thickness and width during the experiment (In part (b), the 

horizontal camera was deleted for clarity.). 
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(NSC-A1, NEWMARK SYSTEM INC., California, USA). The motor controller consisted 

of a micro stepping driver and a programmable controller and an assigned software (NSC-

A1) was used to program the motor movement. In the below, written code for 

preconditioning procedure discussed in chapter 3 is presented: 

HSPD=656 

LSPD=10 

ACC=2 

EO=1 

V2=-87609 

V3=V2/10 

V4=V2+V3 

V5=0 

WHILE V5<5 

XV4 

XV2 

V5=V5+1 

ENDWHILE 

HSPD=1312.4 

V5=0 

WHILE V5<3 

V5=V5+1 

XV4 

WAITX 

DELAY=60000 

XV2 

WAITX 

DELAY=30000 

ENDWHILE 

END 

 

Recording force data was done by means of a 22N submersible load cell (Submersible S-

Beam Load Cell LSB210, FUTEK INC., California, USA) connected to a USB interference 

(USB215, FUTEK INC., California, USA). This digital interference between computer and 

load cell was responsible for analog to digital data conversion, filtering, and transmitting 

data to computer. Collecting data was done by SenseIT Test and Measurement software 

(Ver.2.1.4, FUTEK INC., California, USA). The load cell was calibrated for the tension 
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forces by company. Maximum system error was 0.2% of output. In addition, after a year, 

the load cell was sent back to the company for re-calibration. 

Stress analysis showed that Aluminum is a proper choice for the connections between 

clamps and motor, and between load cell and fixed end. The Aluminum was also used for 

building clamps. In addition, light weight and corrosion resistance of Aluminum were other 

properties that makes it the best choice. For assembling the different parts of device, an 

Aluminum breadboard stage was built. Clamps, breadboard stage, and arm connections 

were built in DML (Design and Manufacture Laboratory, Oklahoma State University). 

A microscope (H800, American Scope, Irvine, California, USA) which used a 10 

megapixel camera (MU1000, American Scope, Irvine, California, USA) to take images 

was connected to a desktop computer with the USB connection. Since, it was hard to align 

a big microscope in the horizontal direction, an USB digital microscope (26700-300 

ZipScope microscope, Aven Inc., Michigan, USA) was used to take images of the 

specimen’s thickness. Image analysis toolbar of MATLAB (Natick, Massachusetts, US) 

was used to calculate the thickness and width of specimen by counting pixel data. A plastic 

specimen with 5 mm width and 1 mm thickness was used as reference for measuring 

thickness and width. It was also notable to mention that using these images, the length of 

specimen was calculated and compared with measured length from stepper motor. The 

finding showed that measured length by stepper motor is accurate with less than 1% error. 

Considering all of discussed issues, the device was built and assembled, see Figure 3.5. To 

calibrate the device and be certain about precision and accuracy of device, tensile test on 

the bovine stroma was done using the similar test conditions as Boyce et al27. The specimen 
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was cut in the NT direction and immersed in OBSS. Pre-conditioning was also applied 

prior to the experiments. Results in the Figure 3.6 show that obtained result from our device 

is in good agreement with reported result by Boyce et al27.  

 

 

Figure 3.5. Picture of the custom built tensile device including microscopes for measuring 

thickness and width of specimen 
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3.3. Test procedure 

 Pre-conditioning was applied prior to the test, to achieve a recoverable state and remove 

the initial slack. Few previous work on corneal mechanics has applied preconditioning27, 

28, 48, 49. The preconditioning procedure consisted of 5 loading/unloading cycles with 5 

mm/min speed and 3 subsequent stress relaxation steps using 10 mm/min speed for the 

ramp section to 10% strain, see Figure 3.7(a). A normalized force time response of 

preconditioning is shown in Figure 3.7(b). After pre-conditioning, the sample was let to 

recover for the 5 minutes. A preload about 100 mN was applied to straighten the strip and 

ensured that the sample was under tension22, 27, 48. Initial length was the length of sample 

after applying 100 mN. Purpose of pre-conditioning is to remove initial slack and establish 

a reference state for testing mechanical properties. 

Figure 3.6. Stress strain behavior of bovine cornea under tension and comparison with Boyce et 

al’s result. 
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Stress was defined as the force divided by the cross section area of the strip. The cross 

section was calculated after pre-conditioning and before starting the test using the images 

from two microscopes. Axial strain was defined as elongation divided by the initial length. 

3.4. Anisotropy and Strain rate dependency 

Due to time issues, some of specimens were frozen and used later. To examine the effect 

of freezing on the mechanical behavior of strips, five fresh and frozen NT strips were tested 

in 0.9% NaCl using 2 mm/min displacement rate. 

Figure 3.7. (a) Preconditioning procedure which has been applied before 

tensile experiment, (b) A normalized force time response of bovine cornea 

in preconditioning. 
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To study the effect of the strain rate on the mechanical behavior of bovine strips, uniaxial 

tensile tests were done under wide range of displacement rates. The strips were preserved 

in the saline solution until thickness reached about 1.1 mm. Tests were done on the NT 

strips in 0.9% NaCl solution using low rates,1 and 2 mm/min, to high rates such as 5  and 

9 mm/min displacement rates.  

As discussed earlier, collagen fiber distribution is not similar in all directions. To study 

anisotropic property of cornea, uniaxial tensile tests were done on IS and NT bovine strips. 

They were conducted with 2 mm/min speed in 0.9% NaCl on the strips with thickness 

about 1.1 mm.  

3.5. Effects of bathing solution on tensile properties 

To observe the effect of swelling on the biomechanical properties, tensile tests were done 

in different bathing fluids. Distilled water, 0.9% NaCl, 12% NaCl, Phosphate buffer saline 

(PBS) (AMRESCO LLC, Ohio, USA), Mineral oil (Fisher Science Education, Illinois, 

USA), Ophthalmology balanced salt solution (OBSS) (ALCON laboratories, Inc., Texas, 

USA) were used as a bathing fluids in the tensile test on the bovine NT strips. The thickness 

was measured after recovery time in preconditioning and before starting the test. The whole 

preconditioning and recovery time let strips to reach to an approximate equilibrium state 

of swelling. Following the ramp section, the sample was held at the fixed strain and force 

relaxation was collected for 2000 seconds. 



26 

 

3.6. Relation between thickness and mechanical behavior 

In order to consider the relationship of stress strain behavior and viscoelastic response of 

cornea with thickness change, strips with different thicknesses were tested. Six groups of 

thicknesses were chosen from 400 µm to 1500 µm. Displacement rate was 2 mm/min and 

mineral oil was used as a bathing fluid. Stress relaxation was done as described before. 

Mineral oil was chosen because it has been reported that hydration change in mineral oil is 

negligible20, 50, 51. Under the same conditions, 5 NT strips with 3 mm width were tested to 

observe failure curve. These samples were stretched up to the failure point. 

Since, elastic modulus of connective tissues are changing with strain change, it is not true 

to ascribe one specific young modulus to the tissue52, 53; therefore, various equations like 

power and exponential formulas are used to fit the experimental data. By finding, the 

material parameters in the formulas, elastic modulus can be calculated at each desired 

strain. These formulas have been used widely to define stress-strain behavior of soft tissues 

in different experiments, like tensile test on skin54, muscle55, and tendon and ligament56-58.  

By curve fitting the experimental data, the unknown parameters were determined and 

analyzed. Initially, the exponential law was suggested to fit the experimental data from 

inflation and compression tests on the cornea50, 59, 

A and B are the material parameters that will be found after curve fitting to the experimental 

data. The power formula has been used to fit to the uniaxial tensile test on the cornea49, 

 𝜎 = 𝐴(𝑒𝐵𝜖 − 1) (1) 
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where 𝛼, and 𝛽 are constant to be determined after fitting. Curve fitting Tool in Matlab 

(Natick, Massachusetts, US) was used to curve fit the experimental data. 

3.7. Riboflavin/UVA Crosslinking Treatment 

The desired solution for crosslinking treatment is 0.1% Riboflavin solution which is made 

of 10 mg riboflavin-5-phoasphate sodium salt dihydrate (Alfa Aesar, Massachusetts, USA) 

in 10 ml of 20% dextran T-500 (Spectrum, California, USA). Using high molecular weight 

dextran does not let the cornea to swell. The frozen specimen was let to thaw for 15 

minutes. The scleral corneal ring was placed in 0.1% Riboflavin solution and kept in 4 ºC 

to minimize evaporation until the specimen’s swelling reaches to the equilibrium. The 

equilibrium was determined when the difference between thickness measurements in 30 

minutes period became less than 10% of the corneal thickness. It usually takes up to 2 and 

3 hours to reach swelling equilibrium. The average thickness of specimens were between 

700 to 800 µm. Pachymeter (DGH Pachette 3, DGH Technology, Inc., Pennsylvania, USA) 

was used to measure the corneal thickness. In the treatment process, the specimen placed 

on a half wooden sphere to present the same shape as eye globe, Figure 3.8. For radiation 

source, two UV lEDs with 365 nm wavelength (Roithner lasertechnik GmbH, Vienna, 

Austria) were used with a resistor in series. The resistor was chosen in order to have 

intensity of 3 mW/cm2 in the 2 mm distance of led. The UV light was radiated to cornea 

for 30 minutes and every 5 minutes drops of riboflavin solution was added on the cornea 

surface. Specimens categorized into two groups based on the type of treatment: 

 𝜎 = 𝛼(𝜖 − 𝜖0)𝛽 (2) 
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Group 1: Control specimens were tested without any Riboflavin/UVA treatment 

Group 2: Corneas crosslinked while UV light radiated to the anterior side. 

 

3.7.1. Uniaxial tensile test 

After the crosslinking treatment, a strip was punched with 5 mm width from each corneal 

sclera ring in the NT direction. The specimen was placed in the OBSS for 15 minutes prior 

to the experiments. Dynamic mechanical analyzer (DMA) (RSA-G2, TA instrument, 

Delaware, USA) was used to conduct uniaxial tensile and dynamic tests. Specimen was 

secured between two clamps and sand paper was used on the clamps to prevent slippage of 

cornea. An immersion chamber was used to conduct experiment in the OBSS solution. 

Preconditioning was done using the discussed procedure. Test started with applying 5% 

uniaxial strain using 5 mm/min displacement rate and 1200 seconds stress relaxation 

following. 

Effect of hydration and thickness change on the mechanical properties of collagen 

crosslinked cornea was studied. One objective of this work was to measure that how the 

Figure 3.8. The corneal scleral ring was placed on a 

half wooden sphere to present the same shape as 

eyeglobe. 
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water content of cornea affects the observed increased stiffness after collagen crosslinking.  

For this purpose, three thickness groups (700, 1100, and 1500 µm) were chosen and 

uniaxial tensile and stress relaxation tests were done. The mechanical testing was 

conducted in mineral oil and using 2 mm/min displacement rate. For the control group, the 

results from the previous section was used. 

3.7.2. Dynamic tensile testing 

To assess dynamic properties, specimen is subjected to a sinusoidal uniaxial strain, 

where, ε represents amplitude of applied strain and ω is the angular frequency. When 

amplitude of applied strain is small, it can be assumed that the stress response is in the 

linear viscoelastic region52, so the tensile stress response, as shown in Figure 3.9 may be 

defined as, 

where, δ and σ̂ are the phase shift and amplitude of stress response, respectively. For an 

elastic material, phase shift will be zero and for a pure viscous material, it will be equal to 

90º. For other materials, the value falls between zero and one. The stress, σ(t), can be 

decomposed into two components; one in phase, the other out of phase from the input 

strain. The measured stress response is the summation of the two waves, and one can writes, 

where σ′ and σ′′ can be expresses as, 

 휀(𝑡) = 휀̂ 𝑒𝑥𝑝 (𝑖𝜔𝑡) (3) 

 𝜎(𝑡) = �̂� 𝑒𝑥𝑝 (𝑖𝜔𝑡 + 𝛿) (4) 

 𝜎(𝑡) = 𝜎′(𝑡) + 𝜎′′(𝑡) = �̂�′𝑆𝑖𝑛 𝜔𝑡 + �̂�′′𝐶𝑜𝑠 𝜔𝑡 (5) 



30 

 

The complex modulus E∗ has two components, storage modulus and loss modulus. Storage 

modulus, E′, is the elastic component which stands for elastic energy saved in the material 

and this energy can be recovered. Loss modulus, E′′, is the viscous component that presents 

energy dissipated by material. The complex modulus can be written as, 

The phase shift (tan()) may be defined as the ratio of loss modulus to storage modulus 

which shows ability of material to damp the energy,  

 

 𝜎′(𝑡) = 𝐼𝑚{�̂�′𝑒𝑖𝜔𝑡}     ,     𝜎′′(𝑡) = 𝑅𝑒{�̂�′′𝑒𝑖𝜔𝑡} (6) 

 𝐸∗(𝜔) =
𝜎

휀
     , 𝐸∗ = 𝐸′ + 𝑖𝐸′′ (7) 

 
𝐸′′

𝐸′
= tan (𝛿) (8) 

0

S
tr

es
s

S
tr

ai
n

Time

2𝜋/𝜔

𝜎(𝑡) 

휀(𝑡) 

�̂� 
휀̂ 

𝛿 

Figure 3.9. Applied sinusoidal strain and measured stress response and also showing 

measured parameters 
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After uniaxial tensile test and relaxation step, a frequency sweep test was conducted from 

0.01 to 20 Hz with 0.1% strain amplitude. At each frequency, two cycles were done as 

preconditioning and the average data from the next three cycles were used. 

Preliminary strain sweep tests (results are not presented here.) were done to determine the 

correct strain amplitude for frequency sweep. In this test, the oscillating strain amplitude 

increased from 0.005% to 5% strain using 0.1, 1, and 10 Hz frequency. The region in which 

storage modulus was not dependent on strain amplitude was 0.005% to 0.2% strain; 0.1% 

was chosen as strain amplitude for frequency sweep. Conducting strain sweep test and 

finding the region that storage modulus is strain independent is a requirement for linear 

viscoelastic theory. 
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Figure 3.10. Test procedure for the uniaxial tensile, stress 

relaxation, and dynamic tests (Amplitude of frequency sweep 

is 0.1% strain, but to have a better view, the curve is not plotted 

on scale). 
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3.8. Data Analysis 

One way ANOVA test was used to examine change in mechanical properties of different 

groups. The level of significance was set at 0.05 in all of statistical analysis.  



33 

 

 

Chapter 4 

Results and discussion 

4.1. Anisotropy and strain rate dependency 

In the tensile test, different properties of cornea can be studied. In this chapter, stress strain 

response, tangent modulus, stress relaxation, and dynamic properties will be discussed. 

Because sample preparation and conducting experiments are a time consuming process and 

also high number of experiments was done, it was not feasible to run all of experiments on 

one day, so some of specimens were frozen. To assess the effect of freezing on the obtained 

results, mechanical properties of fresh and frozen cornea were compared in the tensile test. 

Figure 4.1 compares the stress strain behavior of fresh and frozen strips. The figure shows 

that freezing process does not have any significant on the mechanical properties (P < 0.05). 

It has been reported that the freezing does not have significant results on swelling and 

viscoelastic properties of soft tissues60, 61. 

Uniaxial stress strain curves from different strain rates are plotted in Figure 4.2. This figure 

confirms that the cornea is strain rate dependent and in the higher strain rates, cornea shows 

stiffer behavior. 
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Figure 4.1. Stress strain behavior of fresh and frozen strips. The figure shows that freezing process 

does not have significant effect on the mechanical properties (P < 0.05) (Error bars show the standard 

deviation in the average stress). 

Figure 4.2. Uniaxial stress strain curves from different strain rates. The measured stress was same 

almost for different strain rates up to 2% strain. As the strain increased, the results became rate 

dependent. 
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Corneal mechanical properties highly depend on the extracellular matrix and collagen 

fibers. Extracellular matrix is a ground substance for the collagen fibers which are 

distributed with specific orientation. Matrix mechanics is vital to preserve structural 

integrity of cornea. However, small portion of tensile load bears by matrix, degenerated 

matrix weakens the cornea significantly. Collagen fibers are the load bearing element in 

cornea and they have nonlinear response to the applied load. Depend on the orientation of 

fibers relative to applied load, the response varies. When the fiber direction is parallel to 

the applied load, the fiber shows the stiffer behavior.  

Strain rate sensitivity of bovine corneal stroma is related to the viscoelastic deformation of 

collagen fibrils in response to the applied load. In the higher rates, collagen fibrils does not 

have enough time to reorient to the applied load direction, so higher number of fibrils will 

be under tension. Previous reports have also observed strain rate dependency for tissues 

like, skin, bone, and tendon56, 62, 63. In Figure 4.2, results of previous studies27, 49, 64 are 

presented for the comparison. The obtained result in the current study is in good agreement 

with the experimental data presented by Boyce et al27 and Hoeltzel et al49. The lowest rate 

that was used in the current study was 1 mm/min (0.14%/s) which is very close to the 

0.16%/s rate which Kim et al64 used. Kim et al64 did not use preconditioning for their 

samples. This could be a possible reason for why our results do not match theirs. Boyce et 

al27 have done tensile tests without preconditioning and they observed the same behavior 

as Kim et al’s data64. Preconditioning is used in the current study to attain a reference state 

and remove inelastic strain. 
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NT and IS strips were tested to investigate the difference between collagen distribution in 

the horizontal and vertical directions. The result in Figure 4.3 depicts that the IS bovine 

strips are much stiffer than NT bovine strips. The same trend has been reported for porcine 

corneas17, 22, 28. Collagen fibrils for bovine cornea are mainly arranged vertically (IS 

direction) and circumferentially16, Figure 4.4. The measured stress strain responses for NT 

and IS directions are in good agreement with reported data from WAXRD in Figure 4.4; 

Therefore bovine cornea is stiffer in the IS direction because of higher fiber density and 

preferred orientation of collagen fibrils. 

 

Figure 4.3. The result depicts that the IS bovine strips are much stiffer than NT bovine strips. 
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Figure 4.4 Vector plot map shows that stromal 

collagen in the bovine cornea is orientated mainly in 

the 30 degrees from vertical axis16. 

4.2. Effects of bathing solution on tensile properties 

Characterizing mechanics of cornea has been the goal of many studies which resulted in a 

wide range of values for mechanical properties. Young’s modulus of cornea are reported 

in the wide range of 0.01 to 42 MPa22, 65, 66. Wide range of reported data can have different 

reasons. Variation in age, species, and experimental set up are known parameters that affect 

the measured values. Effect of hydration and bathing fluid are the possible causes that has 

not been considered to have an influence on the results. Swelling of cornea is not similar 

in different bathing fluids and mechanical behavior changes accordingly. In the current 

study, different bathing fluids were used in the uniaxial tensile test to assess how swelling 

affects the mechanical properties of cornea. 

Thickness was monitored throughout the experiment and measurement are shown in Table 

4.1. The thickness hydration relation for bovine cornea is67, 
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where t is thickness in µm and Hw is the hydration. Swelling rate was defined as the 

percentage increase in the sample thickness 10 minutes after tensile test. Stress strain 

behavior of strips in the bathing fluids is shown in Figure 4.5(a). As the swelling of the 

bovine cornea increases, the extensibility increases, too. Swelling also affects stress 

relaxation responses and the relaxed stresses are not similar in different bathing fluids, 

Figure 4.5(b). Figure 4.5(a) also compares obtained result with previous reported data27, 49. 

Because the thickness is not same for all strips, it may be claimed that the difference in 

stress is an artifact because of cross section difference. As shown in Figure 4.6, there is a 

similar trend in the force strain behavior which confirms that swollen cornea extends more 

at the same strain range. 

  

 t = 295 e0.27 Hw (9) 
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Table 4.1. Average measured thickness and hydration using two microscopes and calculated thickness 

change rate. 

Bathing Fluids 
Before tensile test 

(µm) 

10 min after ramp 

(µm) 
Swelling rate (%) 

Distilled water 2.00 ± 0.14 2.33 ± 0.21 16.76 

PBS 1.34 ± 0.07 1.41 ± 0.06 4.90 

0.9% NaCl 

solution 
1.32 ± 0.04 1.39 ± 0.03 4.87 

12% NaCl 

solution 
1.04 ± 0.04 1.09 ± 0.04 4.09 

OBSS 1.03 ± 0.06 1.08 ± 0.05 4.20 

Mineral oil 0.70 ± 0.02 0.70 ± 0.02 0.00 
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Figure 4.5. (a) Stress strain behavior of strips in bathing fluids and also comparing obtained result with 

previous reported data by Boyce et al. and Hoeltzel et al. (b) Stress relaxation response of strips in 

bathing fluids. 
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Tangent modulus, hydration, and thickness for bathing fluid groups at 5% strain are 

presented in Figure 4.7. Statistical analysis depicted that tangent moduli of both PBS and 

0.9% NaCl solution and both OBSS and 12% NaCl solution are not statistically different 

(P < 0.05). However, between other groups, there is a significant difference (P > 0.05). 

Maximum tensile stress and equilibrium stress in relaxation of 2000 seconds are displayed 

in Figure 4.8. Relaxation percentage for each bathing fluid group is calculated in Figure 

4.9. Relaxation percentage was defined as the reduction in stress after 2000 seconds divided 

by stress at 5% strain. 

Figure 4.6. Force strain behavior of strips incubated in bathing fluids. Similar trends as stress strain 

behavior is observed. 
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Figure 4.7. Tangent modulus, hydration, and thickness relation for bathing fluid groups at 5% strain 

(Bracket with solid line shows significant difference between groups (P > 0.05) and bracket with dash 

line shows that two group are statistically similar (P < 0.05).). 

Figure 4.8. Maximum stress at 5% strain in tensile stress and equilibrium stress in 

relaxation after 2000 seconds for bathing fluid groups. 
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An increase in hydration causes decrease in tangent modulus, in Figure 4.7; therefore, there 

is a negative correlation between tangent modulus and hydration. Tangent moduli of 

corneal strips in OBSS and 12% NaCl solution were statistically similar (P < 0.05) and the 

same between 0.9% NaCl solution and PBS (P < 0.05); while, the tangent moduli of strips 

incubated in mineral oil were significantly higher than those in OBSS and 12% Na Cl 

solution (P > 0.05), tangent modulus of the distilled water group was statistically smaller 

than all of other groups (p > 0.05). Relaxation percentage for dehydrated specimen was 

less, as shown in Figure 4.9. Generally, the collagen fibrils stay in the minimum potential 

energy state and after applying load, they re-orient and move to regain minimum possible 

potential energy state. In the specimen with expanded matrix, the higher degree of freedom 

and more space for relative movement, as shown in Figure 4.10, let the collagen fibrils to 

orient better in direction of applied force; thus, higher portion of applied load was dropped 

Figure 4.9. Relaxation percentage for each bathing fluid groups. As the cornea swells more, the 

cornea relaxes more. 
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and the specimen relaxed more. It has been reported that hydrated tendon and ligament 

relaxed faster and more in stress relaxation test68-71. 

 

Figure 4.10. TEM images of transverse section of tendon 

showing fibrils in (left) normal, and (right) PBS-incubated 

samples (with permission from72). 

The experiments show that as the cornea becomes hydrated, the stiffness decreases. In 

water, the extracellular matrix of stroma expanded greatly, and it can be assumed that only 

collagen fibrils are responsible for load bearing of stroma. According to this assumption, a 

model was proposed to show the effect of matrix mechanics on the less hydrated groups. 

The formulation for this model is as follows, 

where 𝜎𝐶  and 𝜎𝑀  representing stress in the collagen fibrils and extracellular matrix, 

respectively. A, B, and C are parameters to be found from curve fitting. Thickness in water 

and any solution is denoted with 𝑡𝑤  and  𝑡 , respectively and < > represent so-called 

 𝜎 = 𝜎𝐶 + 𝜎𝑀 (10) 

 𝜎𝐶 = 𝐴(𝑒𝐵𝜖 − 1) (11) 

 𝜎𝑀 = 𝐶𝜖2
< 𝑡𝑤 − 𝑡 >

< 𝑡𝑤 − 𝑡 >
 (12) 
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Macaulay brackets. First, stress strain behavior of corneal stroma in water which was 

swollen, curve-fitted using Eq. (11). Eq. (10) was applied to the other stress response data 

and C was calculated for each category using obtained A and B parameters for DI-water. 

Curve fitting to the bathing fluid results based on the proposed model in Eqs. (10)-(12) are 

presented in Figure 4.11 and Table 4.2. The calculated parameters show that C parameter 

is increasing, with decrease in thickness. As the thickness (or hydration) decreases, the 

spring constant, C, increases, exponentially, i.e. 𝐶 = 990.4𝑒−2.54 𝑡 as shown in Figure 4. 

12; therefore, Extracellular matrix becomes stiffer and its mechanical properties becomes 

significant. This indicates that as hydration decreases, the role of proteoglycan and 

interfibrillar connections becomes more apparent in the mechanics of cornea61, 73. The 

proteoglycans may limit the relative sliding of fibrils and improve integrity of 

ultrastructure. 

 

Figure 4.11. Stress strain behavior of corneal stroma in different bathing fluids and fitting lines 

obtained using proposed model 
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Table 4.2. Average calculated fitting parameters using 

suggested model in Eqs. (10)-(12) 

Bathing 

Solutions 
A (KPa) B C (MPa) 

DI-Water 

20.7 38.8 

0 

PBS 32.4 

0.9% NaCl 35.4 

12% NaCl 69.3 

OBSS 72.4 

Mineral Oil 167.6 

 

 

4.3. Relation between thickness and mechanical behavior 

In order to use the result of uniaxial tensile tests as a characteristic property of tissue, 

special care should be taken about sample conditions during experiments. Previous studies 

Figure 4. 12. Spring constant (C) and thickness plotted for all groups and an exponential 

line is fitted to the results, 𝐶 = 990.4𝑒−2.54 𝑡. 
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have been done to characterize tensile behavior of cornea. Boyce et al27 used bovine 

corneas with 1.15-1.30 mm thickness in uniaxial tensile test. In the Holtzel et al’s study49, 

tensile test was done on bovine strips with 1.53 mm thickness49; however, the physiological 

thickness of bovine cornea is 0.75-0.87 mm74. In the previous studies, there are 

inconsistency in the specimen’s thicknesses that were used during the tensile test. 

To examine the effect of thickness on mechanical properties, tensile tests were done on 

strips with different thicknesses and the force relaxation was collected for 2000s. Captured 

images showed that the thickness change in oil is negligible. Stress response in tension and 

relaxation for thickness groups are presented in Figure 4.13(a) and (b), respectively. The 

results depicted that with increasing thickness, extensibility of cornea increases and 

stiffness decreases. Force strain responses are also presented in Figure 4.14. Tangent 

modulus, thickness, and hydration for every thickness group was calculated at 5 % strain 

in Figure 4.15. Tangent modulus for less hydrated samples is lower and the difference 

between all groups was statistically significant. Stress at 5% strain and equilibrium stress 

after 2000 seconds for different thickness categories are presented in Figure 4.16. The 

failure behavior of bovine cornea is presented in Figure 4.17. First failure point was at 

28.7%±1.2% strain and 6248.6 KPa±984.2KPa. The final failure strain was 31.5%±1.3% 

and failure stress was 6373.7KPa±1656.1KPa. 
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Figure 4.13. (a) Stress response in tension, (b) stress relaxation for thickness groups. Specimen with 

smaller thickness show stiffer behavior. 
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Figure 4.14. Force strain behavior of thickness groups. 

Figure 4.15. Tangent modulus, thickness, and hydration for every thickness group were calculated at 5 % 

strain 
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Figure 4.16. Average measured stress at 5% strain and equilibrium stress after 2000 seconds 

for different thickness groups. 

Figure 4.17. Average stress strain and failure point of bovine strips (Shaded area shows standard 

deviation). First failure point is at 28.7%±1.2% strain and 6248.6 KPa±984.2KPa. The final failure 

strain was 31.5%±1.3% and failure stress was 6373.7KPa±1656.1KPa. 
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The viscoelastic response of specimens in six thickness groups in mineral oil was analyzed. 

The results further supported our earlier work on hydration dependent properties of cornea. 

By using mineral oil as a bathing solution, the hydration was kept constant; so, it becomes 

possible to investigate the effect of water content difference on biomechanical properties. 

Strips with higher cross section shows softer stress strain and relaxation behavior as shown 

in Figure 4.13. Forces for 400 µm and 500 µm at 5% strain were higher than forces for 

1100 µm and 1500 µm, respectively.  

Conducting experiments on the cornea with different thicknesses indicated that hydration 

and water content have a significant effect on the tensile properties. It has been reported 

that water content affects the corneal shape and radial distribution of strain and stress1 and 

in the inflation test. Hjortdal75 observed the hydrated cornea had less strength because of 

collagens relaxation in extracellular matrix. When cornea swells over physiological 

hydration, cornea loses transparency. Negative charges of GAGs attract the water molecule 

inside the cornea. Increased water content affects the matrix and collagen fiber 

organization; so the mechanical properties change. 

This thesis did not study why the cornea has hydration-dependent properties; nevertheless, 

it is speculated that any change in collagen fiber density and matrix integrity directly affects 

tissue mechanics. As corneal thicknesses increases, the matrix expands and the distance 

between fibrils increases12, 76, 77 as shown in Figure 4.18; therefore, some of covalent bonds 

between collagen fibrils and proteoglycans break. This change leads to more extensibility 

of the tissue. This reduces the strength against shear load between fibrils and they can slide 

easier relative to each other. Therefore, as the thickness (or water content) increases, the 

corneal stiffness reduces, Figure 4.15. 
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The result of uniaxial tensile test on the stroma with different thicknesses are used to curve 

fit using both exponential and power formulas. Figure 4.19 shows the experimental data 

and fitting lines using both formulas. The obtained value for A, B, α, and β are displayed 

in Table 4.3. Plotted figures and also goodness of fit (R2) shows that these two formulas 

are appropriate to fit the experimental data.  

Table 4.3 Average material parameters obtained from curve fitting to the results of uniaxial tensile test 

on the cornea with different thicknesses. 

Thickness 

(mm) 

𝜎 = 𝐴휀𝐵 𝜎 = 𝛼(𝑒𝜀𝛽 − 1) 

A (KPa) (103) B 𝑅2(%) α (KPa) β 𝑅2(%) 

0.5 129.2±24.3 1.67±0.07 99.7 245.5±25.4 31.1±2.2 99.7 

0.7 72.6±13.3 1.64±0.06 99.5 155.4±33.2 30.3±3.5 99.6 

0.9 55.2±10.9 1.70±0.08 99.6 94.9±9.1 30.4±2.2 99.6 

1.1 40.6±3.2 1.69±0.06 99.3 72.9±14.7 30.5±2.9 99.6 

1.5 28.9±2.7 1.74±0.03 99.8 43.6±7.3 30.5±2.2 99.6 

 

Figure 4.18. Fibrils and proteoglycans distribution in (left) normal cornea, (right) swollen cornea (horizontal 

cylinders and curve lines present fibrils and proteoglycans, respectively, and the positive and negative signs 

stand for charges in the cornea. 
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In 

both equations, A and α are a factor to show rigidity of stress response and B and β are 

showing non-linearity response of specimen. The fitting parameters listed in Table 4.3 

indicated that non-linearity in the stress strain behavior of corneal stroma does not change 

Figure 4.19. Stress strain behavior of stroma with different thicknesses: solid lines show the fitting 

lines using (a) exponential formula, and (b) power formula. 



54 

 

with thickness change. The maximum change in non-linearity were 2.3% and 3.6% for 

exponential and power law, respectively, which are not significant. The stress range 

changes greatly in different thickness groups and A and α changes accordingly. Average 

increase per each group starting from 1.5 mm to 0.5 mm are 52.5% and 56.6% for A and 

α, respectively. Generally, for the stiffer specimen, A and α increase while, the non-

linearity parameter remains approximately constant. Since, the physiological corneal 

thickness is 0.75 mm-0.87 mm, the two thickness groups of 700 µm and 900 µm were 

chosen to present stress strain behavior and tangent modulus of cornea at physiological 

thickness in the in vitro condition.  

4.4. Riboflavin/UVA Crosslinking Treatment 

Uniaxial tensile test and following stress relaxation test were used as proper tools to 

examine biomechanical properties change after crosslinking treatment and how the corneal 

stiffness is changed. Most of previous studies have applied crosslinking treatment on the 

anterior side of cornea35, 37, 46. Average thickness of cornea, pre-treatment and post-

treatment were 750±28 µm and 671±30 µm, respectively. A significant decreases in 

thickness was observed post treatment (p > 0.05). The thickness decrease post treatment 

has also been reported previously statistically significant38, 43. It is proposed that high 

concentration of dextran and its high molecular weight causes dehydration of cornea. 

Pilot experiments were done to choose testing conditions, and initial and final thicknesses 

were measured. It is known that as tissue stretched to high strains, the fluid starts to move 

out of tissue71, so the thickness will change. It was observed that specimens that were tested 

with initial thickness about 900 µm experienced minimum thickness change. In addition, 
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OBSS solution was used as bathing fluids which is a qualified ophthalmic solution and 

previously has been used for submersible mechanical testing on cornea27. 

4.4.1. Uniaxial tensile and stress relaxation test 

Riboflavin/UVA crosslinking has been introduced as a new treatment for Keratoconus 

disease35, 36, 46 which has many advantages over previous methods. In this process, there is 

no need for cutting a flap from cornea and recovery time after treatment is quick and 

painless. Previous works studied the effect of crosslinking on different properties of cornea 

like enzymatic digestion78, possible damage to the corneal layers36, 79, fiber diameter 

change38, 80, hydration behavior38, 81, stiffness41, 82, corneal curvature36, 83, and Keratocytes 

loss39, 40, 84. However, this study focused on mechanical properties change after 

crosslinking treatment. Uniaxial tensile test along with dynamic test provides enough data 

to analyze viscoelastic behavior change of cornea and understanding of how microstructure 

change affects the biomechanical response of tissue. In addition, the effect of thickness and 

hydration on biomechanical response of crosslinked cornea under tension was 

characterized.  

Uniaxial tensile test showed significant change in the biomechanical properties of cornea. 

Figure 4.20 implies that the crosslinking treatment stiffened the cornea. Average peak 

stress of Crosslinked group was significantly higher than peak stress of control groups. The 

peak stress increased 79.5% for Crosslinked group comparing to control group. Figure 4.21 

shows stress relaxation response of specimen to the constant strain. At the first 100 

seconds, stress dropped quickly and after that stress slope decreased with lower slopes 

continuously. 
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Figure 4.20. Average stress strain behavior of control and collagen crosslinked group. The 

curves show clear increase in the stress response of crosslinked cornea. 

Figure 4.21. Stress relaxation behavior of corneas after applying 5% strain. 
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Peak and equilibrium stresses at 5% strain are shown in Figure 4.22. Collagen crosslinked 

group has significantly higher peak and equilibrium stresses compare to the control group 

(P > 0.05). Relaxation percentage for the control group (43.1±2.4 %) is higher than 

crosslinked group (31.4±8.7 %) and as the sample becomes stiffer, the relaxation 

percentage reduces. 

The mechanical testing showed that crosslinking treatment increased stiffness of cornea. 

Wollensak et al41 reported 328.9% and 71.9% increase in uniaxial stress for human and 

porcine cornea, respectively. The difference between stress strain behavior of our result 

with Wollensak et al41 can have several reasons. In addition to species difference, 

preconditioning has a considerable effect on the biomechanical response of soft tissues. In 

the current study, preconditioning was used, while Wollensak et al41 did not apply 

preconditioning. It has been shown that the cornea is a strain rate dependent48, 67, 85 and 

Figure 4.22. Peak and equilibrium stress at 5% strain of collagen crosslinked and control groups. 
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using higher displacement rate in the current study (5 mm/min) than Wollensak et al41 (1.5 

mm/min) results in the higher stress strain behavior. 

 

Figure 4. 23. Stress strain behavior of control and treated porcine cornea. (the data is taken from41) 

It has been believed that interfibrillar bonds are less possible to form in process of 

crosslinking38, 41, 45 and new bonds are created in the intrafibrillar space. New connections 

between and within collagen molecules, between and within proteoglycans, and between 

proteoglycan and collagen molecule are mentioned as newly formed crosslinks38, 86.  

It has been found that in the linear region of stress strain behavior, over 60% of deformation 

happens because of sliding fibrils relative to each other87. Since, proteoglycans are the links 

between collagen fibrils88,  the new bonds limit the fibrils to slide freely relative to each 

other. The new formed links between and within proteoglycans have been accounted for 
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increased stiffness of cornea86. It has also been reported that shear resistance of cornea 

improves after crosslinking42.  

These newly formed bonds may enhance the integrity of fibrils and make them stronger 

under tension load. It is obvious that in the crosslinked cornea with new links formed 

around fibrils, their movement is limited and fibrils cannot change the orientation easily. 

The result is that stress (or force) reduces in the crosslinked cornea. 

Stress strain behavior of collagen crosslinked corneas with different thicknesses are 

presented in Figure 4.24. Stresses at 5% strain were increased for all of thickness groups 

comparing to control groups. Figure 4.25 shows the stress relaxation response of the 

collagen crosslinked groups. Figure 4.26 compares the relaxation percentage of the control 

and collagen crosslinked groups. At lower thicknesses, the crosslinked group had 

significantly lower relaxation percentage, but the difference became smaller as the 

thickness increased. Tangent modulus of control and crosslinked groups at 5% strain for 

different thickness groups are shown in Figure 4.27. In all of thickness groups, tangent 

modulus of crosslinked groups significantly higher than control groups (P > 0.05).  
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Figure 4.24. Stress strain behavior of collagen crosslinked with different thickness groups. 

Figure 4.25.Stress relaxation behavior of collagen crosslinked thickness groups 
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Figure 4.26. Relaxation percentage at 5% strain for control and collagen crosslinked groups at 

different thicknesses. 

Figure 4.27. Tangent modulus of control and crosslinked groups at 5% strain for different thickness 

groups 
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Riboflavin/UVA crosslinking enhanced the biomechanical properties of bovine corneal 

stroma and stress significanly increased in the collagen crosslinked group. The reduced 

relaxation percentage for the crosslinked group might be an evidence that shows newly 

formed bonds in the crosslinked stroma do not let the collagen fibrils and proteoglycans 

slide and re-orient easily; so, the matrix and collagen fibrils integrity increases. 

Previously, it has been reported that thickness (or hydration) significantly affects the 

mechanical properties of cornea85, 89. In this study, as the thickness increased, stress strain 

behavior became softer and the increase in the maximum applied stress decreased from 

94.7% to 75.8% In addition, the observed difference in relaxation percentage reduced from 

7.9% for 500 µm thickness group to approximately zero for 1500 µm thickness group. The 

observed trend shows that at higher thicknesses, the new bonds have less effect on the 

mechanics of cornea because of expanded matrix and higher interfibrillar spacing. 

Therefore, it can be concluded that hydration has an important effect on the collagen 

crosslinking treatment. Based on this conclusion, crosslinking treatment effect on 

biomechanical properties should be determined at specified hydrations. 

4.4.2. Dynamic mechanical analysis 

Few previous studies focused on dynamic properties of cornea and other parts of eye29, 90, 

91. Studying dynamic behavior of eye and its parts is important because of dynamic loads 

are applying to the eye in the routine life, i.e. eye movement, blinking, eye rubbing, body 

position change, and intraocular pressure (IOP) pulse. At each heartbeat, due to pressure 

change in blood stream entering eye, IOP oscillates accordingly for a few mmHg92, so this 

pressure change affects the stress and strain in cornea, sclera, optic nerve, and other parts 
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of eye. IOP pulse can be considered as a primary risk factor for glaucoma and damage to 

optic nerve93. 

Several viscoelastic parameters of material such as storage modulus, loss modulus, and 

tan() may be measured in the frequency sweep test. Average storage modulus for 

frequency sweep test with 0.1% strain amplitude for control and collagen crosslinked 

groups at 5% strain are presented in Figure 4.28. Crosslinked cornea had higher storage 

modulus than the control cornea. Loss tensile modulus decreased from 0.01 Hz up to 1 Hz 

and after that starts to increases up to 20 Hz for all groups at 5% strain, see Figure 4.29. 

Like storage modulus, crosslinked group had higher loss moduli. The tan() behavior can 

be predicted based on the storage modulus and loss modulus behavior as shown in Figure 

4.30 

 

Figure 4.28. Average storage modulus for frequency sweep test with 0.1% strain amplitude for 

control and collagen crosslinked groups at 5% strain. 
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Figure 4.29. Measured loss modulus behavior with frequency change at 5% strain. 

Figure 4.30. tan() change in frequency sweep for all groups at 5% strain. The loss tangent 

modulus from frequency of 0.01 Hz to 1 Hz decreases and after that up to 20 Hz, increases 

slightly. 
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At high frequencies, data collecting may include device error and noise, so the accuracy of 

device plays a major role in collecting trustworthy data. The device (RSA-G2, TA 

instrument, Delaware, USA) was used here is one of the most advanced mechanical 

analysis platforms which is designed for conducting various experiments in very low to 

high displacement rates and in a wide range of frequencies from 2 µHz to 100 Hz. 

Frequency higher than 20 Hz was not used in the current study to prevent any noise in data. 

The separate motor and transducer system ensures precise measurement of displacement 

and force independently. In addition, testing cornea in the bathing fluid was feasible by the 

submersible chamber. 

As the frequency increases, storage modulus increases which shows that when the load 

applies with high speed, the tissue acts more like a spring. The same behavior was observed 

for other connective tissues29, 91, 94-97. Average measured storage modulus for control 

cornea (18.9-21.9 MPa) was consistent with the previous reported data for cornea by 

Kaplan and Bettelheim29. In their study, the storage modulus at frequency range of 3.5 to 

110 Hz was equal to 8-20 MPa. There could be different reason for observed slight 

difference in the results of this study and previously reported data. The first reason could 

be preconditioning procedure that was used in our study. In addition, the steady state strain 

is not same and also the thickness (or hydration) is not mentioned for Kaplan and 

Bettelheim studies. The average storage modulus for tendon and ligament was measured 

in the approximate range of 4 to 1800 MPa95, 98, which our result are in this range however, 

tendon is generally stiffer than cornea. 
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The average loss modulus for control cornea (1.17-1.22 MPa) was in the comparable range 

with loss modulus of other connective tissues29, 95.  Previously, in a temperature sweep 

dynamic test on  cornea, average loss tensile modulus was reported from 0.2 to 1.0 MPa29. 

The average tan() in both groups were measured from 0.035 to 0.060, which shows that 

cornea is more like an elastic material than a viscous material. The cornea’s damping value 

was obtained as 0.05 to 0.07 for frequencies in the range of 3.5 Hz to 110 Hz29, which is 

consistent with our data for control group (from 0.055 to 0.062). From 1 Hz to 20 Hz, 

damping ratio increased and the same trend was observed for cornea in frequencies 

increasing from 3.5 Hz to 110 Hz29. The tan() for ligament and lung was reported ranging 

0.01-0.02 and 0.06-0.13, respectively99. Canine sclera have been shown to have tan() 

values in the range of 0.101-0.13493. The measured tan() for cornea in the current study 

is in the good agreement with reported value for other soft tissues. 

The observed trend for tan() (decreases from 0.01 to 1 Hz and increases afterwards) is 

similar to the trend has. Decrease of tan() for crosslinked groups showed that ratio of 

mechanical energy storage to energy loss increases after crosslinking. Elevated elastic 

behavior could be because of interactions between proteoglycans and collagen fibrils. More 

bonds between proteoglycans, collagen molecules, and fibrils in the crosslinked cornea at 

higher tension make the structure more solid and increases the ability to better store 

mechanical energy in the dynamic loading93. 

The lower damping ratio may have some side effects on stress distribution on other parts 

of eye such as sclera. Crosslinking treatment effect on relative collagen fiber sliding and 

possible friction between matrix and collagen fibers were considered as potential reasons 
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to affect dynamic properties100, 101. This observation is consistent with previous reports 

which has been shown that crosslinking within fibrils has a major role in resisting dynamic 

deformation in sclera 97; It has also been observed that these connections have a significant 

effect on the stiffness of aortic tissue 102 and tendon 103.  

4.5. Limitation 

There are some drawbacks in performing steady state uniaxial tensile and dynamic 

experiments in the in-vitro condition. In the sample preparation process, the sample was 

cut using a custom built two bladed part; however, special care was taken to have the exact 

and straight cut. 

Straightening the initial curvature of cornea produces compression forces on the both 

anterior and posterior side of specimen which is a necessary step in the beginning of 

uniaxial tensile step. Another drawbacks is assuming constant thickness in the whole length 

of cornea which is not true. Corneal thickness is minimum in the center and increases as 

moving from center to the limbus, but the change is hard to measure during experiment. 

Also, uniaxial tensile test is applying load in just one direction while the cornea is under 

pressure multi-axially in all directions.  
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Chapter 5 

Conclusions and Future Work 

5.1. Conclusions 

Biomechanical properties of bovine corneal stroma was studied in the uniaxial tensile test. 

Strain rate dependency and anisotropic properties of bovine cornea were investigated using 

uniaxial tensile test. Measured responses under different displacement rates showed that 

the cornea is strain rate dependent and it behaves stiffer under higher displacement rates. 

In addition, anisotropy of cornea was investigated by testing the strips cut in the IS and NT 

directions. The results showed that bovine cornea in the IS direction is stiffer than NT 

direction. 

Bathing fluid effect on the mechanical properties of cornea was examined. Swelling 

behavior of cornea is not same in different bathing fluids, so the stress strain behavior will 

not be the same, accordingly. In addition, using proposed model to curve fit the 

experimental data, contribution of collagen fibrils and extracellular matrix was estimated. 

The conclusion was that as the cornea swells, the mechanical response from matrix 

becomes smaller and the connection between fibrils and proteoglycans in the less hydrated 

cornea can be modeled as a nonlinear spring. 
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The effect of thickness and hydration on the stress strain behavior and time dependent 

relaxation behavior was investigated. As the thickness increases, load bearing capacity 

decreases and specimen relaxes more. Stiffness of corneal stroma decreases significantly 

with increasing thickness or hydration.  

Knowing the mechanical effect of Riboflavin/UVA crosslinking treatment, as a new 

treatment for Keratoconus disease, on the cornea has a great importance. Uniaxial tensile 

test showed significant increase in the stiffness of cornea post-treatment. In addition, it was 

observed that the crosslinking treatment improved the dynamic properties like storage 

modulus and tan(). Testing treated cornea with different thicknesses showed that 

hydration has an important effect on the measured mechanical properties; therefore, the 

crosslinking treatment effect should be reported at the specified thickness and hydration.  

5.2. Future studies 

Knowing the mechanics of cornea provides the ability to predict its behavior under 

different loading conditions. In order to have a better understanding of tissue mechanics, 

both modeling and experimental studies are essential. Previous studies used different 

constitutive modelings to predict biomechanical behavior of cornea48, 104, 105. One 

deficiency of most of previous studies was that they did not consider the effect of bathing 

fluids and swelling. In this thesis, the experimental results show that the bathing fluids and 

swelling of cornea affect mechanical behavior in the uniaxial tensile test. To consider 

bathing fluid effect, a biphasic model was used to assess mechanical properties of cornea. 

This work is a continuation of a previous work by Hatami-Marbini and Etebu73, which was 

done to model the unconfined compression test on the cornea in our research group.  
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FEBio software (www.FEBio.org) was used to simulate the experimental conditions and 

find the exact mechanical properties. FEBio software is a finite element tool for analysis 

of problems in biomechanics. 

Preliminary finite element analyses were done to find the permeability and elastic modulus. 

Figure 5.1 presents stress time response of both the theoretical and experimental results for 

bathing fluid groups. Theoretical fittings show that isotropic biphasic model is a good 

model to predict the corneal stroma behavior. The preliminary results were satisfactory and 

good fits were achieved. For the future work, this model will be developed to add the 

anisotropic and strain rate dependency properties of cornea.  

 

 

Figure 5.1. Stress time response of obtained from both modelling and experiments for bathing 

fluids groups. 
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To examine the effect of crosslinking treatment more precisely and localize the 

microstructure change, mechanical properties of corneal flaps should be studied. 

Preliminary uniaxial tensile test on the posterior and anterior flaps showed that stiffness 

increase in the anterior corneal flap is significantly higher. For the future, more tests are 

needed to be done to characterize steady state and time dependent responses of corneal 

flaps. In addition, taking TEM images may provide useful information on the difference of 

new formed bonds in the anterior and posterior flaps. 

The dynamic tensile properties of normal and crosslinked cornea were determined in this 

thesis. To have a better understanding of needed improvement in the crosslinking 

treatment, it is essential to measure changes in mechanical properties due to the 

Keratoconus disease. For the future work, assessing dynamic properties of Keratoconus 

eyes is needed in order to provide beneficial data for judging the crosslinking treatment. 

Most of previous studies have applied crosslinking treatment on the anterior side of 

cornea35, 37, 46, however, there are some studies like Hayes et al38 which performed 

crosslinking treatment on the posterior side of cornea. Our preliminary results showed that 

change in properties after treatment highly depended on the side of cornea that received 

the treatment. Further studies needs to be done in order to assess the effect of applying 

treatment on the anterior and posterior side of cornea. 
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