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Figure 7.9: Confocal Image of Lens Fibers: Image was taken with the 40x(NA=1.30) objective in
oil. The image is 512 x 512 pixels and has a size of 317.331 x 317.331 μm. Lens fiber structure
moving towards the middle of the section.
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Figure 7.10: Confocal Image of Lens Fibers: Image was taken with the 40x(NA=1.30) objective in
oil. The image is 512 x 512 pixels and has a size of 317.331 x 317.331 μm. The structure of the
lens fibers is harder to distinguish. This could be due to inadequate staining in the middle of the
sample.
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Figure 7.11: Confocal Image of Lens Fibers: Image was taken with the 100x(NA=1.40) objective
in oil. The image is 512 x 512 pixels and has a size of 126.728 x 126.728 μm. This image provides
a detailed view of the lens fiber cells towards the middle of the section.
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Figure 7.12: Confocal Image of Lens Fibers: Image was taken with the 40x(NA=1.30) objective in
oil. The image is 512 x 512 pixels and has a size of 317.331 x 317.331 μm. Image shows area where
lens fibers were torn, near edge of sample.
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Figure 7.13: Confocal Image of Lens Fibers: Image was taken with the 40x(NA=1.30) objective in
oil. The image is 512 x 512 pixels and has a size of 317.331 x 317.331 μm. Potentially another tear
in the sample, cleaner than in Figure 7.12.



109

7.5 Discussion

Looking at Figure 7.5, the structure of the lens fibers is easily observed. The lens fibers appear

to be arranged in a fine honeycomb-like pattern, especially near the bottom of the tissue section.

The waviness of the anterior surface of the section is believed to be caused by the sectioning process.

The little definition of the honeycomb-like structure further from the edge of the sample could be

from inadequate staining of the more interior lens fiber cells. It could also be from the angle of

the lens fibers in relation to the plane of sectioning. If the fibers are more aligned with the plane

of sectioning, they can appear as long channels, instead of hexagonal cross-sections. Figure 7.6

provides a better view of the structure near the anterior surface of the sample. In Figure 7.7 the

honeycomb-like structure of the lens fiber cells appears rather regular in size and spacing, with

exception of the cells near the anterior surface. Figure 7.8 shows the non-regular cells near the

anterior surface. The different size of these cells could be a result of compression and deformation

from the sectioning process. On the other hand, the size difference could be attributed to the

formation of new fiber cells which occurs along the anterior lens capsule surface.

The area imaged by Figures 7.9, 7.10, and 7.11 were taken towards the middle of the section.

The semi-regularity of the lens fiber structure can be seen in Figure 7.9 and the approximate

diameter of 20 μm can be seen in Figure 7.11. It appears there is little difference in the lens fibers

from the more exterior regions to the more interior regions. It is important to note that these

images are of sections from the cortex and do not include the nucleus of the lens fiber cells.

Figure 7.12 shows an area of the section that appears to be torn away. This is of significant

interest with regard to understanding how the lens, and specifically lens fibers are damaged. Fig-

ure 7.13 is an image of a potential tear in the section. Again, this is of interest in studying lens

trauma and injury.

A method has been developed to begin gathering geometrical data from the confocal images of

the lens fiber cells for use in the generation of an ocular model. The structure is manually identified

by selecting apparent intersections of the lens fibers (nodes) and the connectivity between the nodes
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(see Figure 7.14). These coordinates and connectivity are then exported for use in the finite element

modeling program Tahoe.

Figure 7.14: Modeling of Lens Fiber Ultrastructure using IMOD.



Chapter 8

Discussion

Progress has been made in regards to the determination of the material properties of the

ocular lens. Our method for unconfined compression testing has produced good data. Preliminary

fits have been completed for the preconditioned data. The calculated parameters show the older

porcine lenses to be more viscous than the younger lenses that were tested. This complies with the

theory that material properties of the lens change over time, possibly contributing to presbyopia.

This change over time is supported by other research as well [Krag and Andreassen, 2003a]. We

also noticed viscoelastic behavior in the whole porcine ocular lens. Additionally, data of lenses

that did not undergo preconditioning has been generated to be fit and compare with the previous

data. Preliminary models have been generated in Abaqus and Tahoe and will serve as a stepping

stone to the creation of an ultrastructurally based computational finite element model. We also

have developed a puncture testing method that has produced data that can be fitted from which to

calculate material properties. A result of the testing is damaged tissue under controlled conditions

that can be imaged and studied to investigate the mechanics of cutting, puncture, and IOFBs

with regards to the lens. Our results support Yang’s findings that the anterior lens capsule is

stronger than the posterior lens capsule [Yang et al., 1998a]. A preliminary model of the puncture

test has been developed in Abaqus as well. The nanoindentation of the anterior lens capsule in

fluid is promising. The creep test data can be fit using Dakota and Tahoe, which will lead to the

calculation of the material properties of the anterior lens capsule separate from the lens fiber cells.

These calculations can then be used to verify the parameters from the compression and puncture
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testing and allow back-calculation of the properties of the lens fibers. With additional testing, a

strong data set can be developed, providing confidence in our material parameters for our model.

In terms of structure identification and geometrical data, the first steps have been made and

with more work, we will have good data on which to base the model. The structure in the electron

tomography images still remains to be confirmed. While they do look similar to the results pro-

duced by Barnard et al.’s imaging [Barnard et al., 1992], we want to be confident in our structure

identification. A method has been developed to extract the coordinate data of the structure to

include in our model. The confocal imaging has produced good images of the lens fiber structure.

Our initial results show structure similar to that imaged by other work [Taylor et al., 1996]. A sim-

ilar method for extracting the 3-dimensional coordinate data has been developed and the gathering

of these data is currently in progress.

While more work remains to be done, much experimental progress has been made towards the

generation of an ultrastructurally based computational finite element model. The work presented

here is part of a larger project with the following research tasks: (1) the development of a model for

type IV collagen mesh-work of lens capsule tissue; (2) the development of a multiscale model of the

lens capsule in regards to its poromechanical characteristics; (3) the development of a multiscale

lens fiber cell equivalent soft viscoelastic constitutive model of the internal lens substance; (4)

unconfined compression testing of whole porcine lenses to estimate whole lens mechanical response;

(5) nanoindentation testing on porcine lenses to approximate lens capsule parameters; and (6)

imaging of lens fiber cell geometry using confocal laser scanning microscopy, and type IV collagen

network ultrastructure in lens capsule using cryo-electron tomography. Significant work has been

completed on tasks (4), (5), and (6) as well as limited preliminary modeling on tasks (1) and

(2). The research described here contributes to the development of an ultrastructurally based

computational finite element model that will contribute to the greater task of accurately modeling

the lens to better understand accommodation, presbyopia, and ocular lens related injuries.



Chapter 9

Recommendations

9.1 Determine Material Properties from Data

While some parameter fitting has been completed, the data from the unconfined compression

tests with no preconditioning and the puncture test data need to be fit as well. The same process

used for the unconfined compression data with preconditioning can be used, with slight changes to

the Tahoe setup. On top of fitting the other data, the constitutive framework should be adjusted

and fine-tuned to better account for the lens’s viscoelastic behavior, providing better fits and more

accurate material properties or range of properties.

9.2 Additional Imaging and Modeling

More analysis needs to be done with the confocal images to provide more data on the structure

of the lens fibers. This can be done with IMOD. Additional images of the lens should be taken

to provide regional structure data throughout the lens. The lens fibers are already divided into 2

areas: the nucleus and the cortex. The structural differences of the two need to be found to include

in a truly ultrastructurally based computational model.

With the ET images of the lens capsule, confirmation of whether what the images show are

structure or artifact is needed. This can be accomplished through additional imaging and varying

the freezing/preparation process, such as cryo-ET. Once the structure is identified, those images

will need to be analyzed with IMOD to provide the structural data in a useful format to input

into Tahoe. Again, the identification of the type-IV collagen mesh-work is important to accurately
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model the lens capsule.

A large amount of work remains to be done in the modeling aspects of this research. Meshes

of the lenses need to be generated with the information gathered from imaging. The sections of the

model need to be decided on, such as anterior capsule, posterior capsule, lens fiber nucleus, and

lens fiber cortex. The equations of the constitutive models for these different sections need to be

adjusted and finalized. This can be done through further development of Tahoe, and is part of the

current research.

9.3 Confocal Imaging of Deformed/Damaged Lenses

It would be of interest to image a deformed lens, whether in compression or being indented

(not to failure), potentially from one of the puncture tips. This could be done by utilizing the

existing compression and puncture testing setups to deform the lens. Once deformed, the lens

could be held in that state with the MTS Insight II, and fixed with the paraformaldehyde used in

the confocal specimen preparation. Imaging the lens in a deformed state could lead to increased

understanding of how the lens fibers interact as the lens accommodates. This imaging could also

provide information on how lens fibers respond to trauma, either from blunt force contact or by

blast wave loading (percussive waves generated by explosions that load the eye).

Punctured lenses should also be imaged, specifically around the puncture site and along any

tears that occur. The damaged lens capsule could be imaged using a similar process as described

in the EM/ET chapter. The damaged lens fibers could be imaged using the same process used

to take confocal images of the normal lens fiber cells. Data from these images could lead to

increased understanding of the interaction between the lens and intraocular foreign bodies (IOFBs),

potentially resulting in improved treatment options for IOFB injuries.

9.4 Posterior Lens Capsule Testing

Due to the differences between the anterior and posterior lens capsules, mainly thickness,

curvature, and the lack of epithelial cells on the posterior lens capsule, the posterior lens capsule
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needs to be tested as it’s material properties may be different from those of the anterior lens capsule.

This can be done through nanoindentation and ET. Nanoindentation can provide the material

properties of the posterior lens capsule through creep testing similar to the testing done on the

anterior lens capsule. This is important to include in the ultrastructurally based computational

model to accurately predict the reactions of the lens.

9.5 Human Tissue Testing

While tests can be calibrated on animal tissue, testing of human tissue is the ultimate goal.

All tests and imaging processes should be repeated for human tissue in order to identify the structure

and material properties of the human ocular lens. The processes and testing fixtures should not

need to be modified, with the exception of the puncture well for anterior puncture tests due to

the smaller size of the human lens when compared to the porcine lens. Additionally, the use of

human data can provide insight into structure and material property differences between gender,

something not provided with the porcine tissue. Also, with the range of age of human tissue, a

better understanding of accommodation in different ages as well as presbyopia can be achieved.

9.6 Higher Strain Rate Testing

In regards to the compression and puncture testing, higher strain testing should be performed.

At higher loading rates, the lens may respond differently, resulting in different material properties.

With the goal of being able to model blast wave loading on the eye, test data from high strain rate

testing will ensure that the correct material properties are being used in the model. Currently a

partnership is being formed with Dr. Tusit Weerasooriya at the Army Research Laboratory (ARL)

in Aberdeen, Maryland, to utilize some of their high strain rate testing equipment. Intermediate

strain rate (0.0125/s to 125/s) testing can be performed with their Bose Electroforce TestBench

Instrument. Figure 9.1 shows a CAD drawing of a water bath and fixtures to allow for intermediate

strain rate testing in fluid (Alcon BSS). To achieve high strain (greater than 125/s) testing, ARL

has several split Hopkinson bar systems that could be utilized.
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Figure 9.1: CAD Drawing of Environmental Bath and Test Fixtures Adapted to a Bose Electroforce
TestBench System to Allow for Intermediate Strain Rate Testing in Fluid.

9.7 Determine Properties/Structure of Zonules/Ciliary Body

In order to create a model of the eye, the structure and material properties of all parts of the

eye need to be known. To initially expand the model, parts of the eye that interact with the lens

should be focused on, specifically the suspensory zonules and the ciliary body. Testing opportunities

for the zonules include using a lens stretcher clamped at the edges of the ciliary body, near the

attachment of the zonules. The force would be recorded as the lens was stretched. With the force

response of the lens/zonule assembly, the properties of the zonules could be back-calculated using

the data from the whole lens tests performed (compression and puncture). Additionally, a fixture

could be made to clamp and hold the ciliary body, suspending the lens in free air. The lens would

then be displaced by a flat platen connected to a load cell measuring the force response, similar to

the unconfined compressing testing procedure. A back-calculation of the properties of the zonules

would again be necessary. A similar approach could possibly be used for the ciliary body, making

sure to clamp at the exterior edge of the ciliary body. As for structure identification of the zonules

and ciliary body, imaging processes would need to be investigated. With the material properties

and structure of the zonules and ciliary body, the model could be coupled with other models and

data on the other parts of the eye to further progress towards a complete computational model of

the eye.



Chapter 10

Conclusion

There is much motivation to better understand the biomechanics of the ocular lens. The pro-

cess of accommodation (the lens adjusting in optical power to focus an image) and presbyopia (the

loss of accommodation over time) are not well understood. While the lens is an important part of

the visual system, there has not been much focus until recently on the mechanics of accommodation

and the mechanical characteristics of the ocular lens. This is mainly due to the possibility of the

restoration of accommodation through surgical treatment (intraocular lens replacement surgery)

and the improvement of cataract surgery. Through an increased understanding of the mechanics of

the lens, IOLs and cataract surgery can be improved. Additionally, with recent military tours, an

increase in ocular injuries has been recorded. This is largely due to the widespread use of impro-

vised explosive devices (IEDs) and improved survival rates [Mader et al., 1993, Mader et al., 2006].

Management of ocular injuries in both soldiers and civilians as well as improved surgical treatments

of the eye can be achieved with the development of an ultrastructurally based computational finite

element model of the ocular lens.

In order to create such a model, the material properties and the ultrastructure of the compo-

nents of the lens must be determined. While previous work has been done to understand the lens,

more is needed for a consensus to be had. The work described above entailed mechanical testing

as well as structure identification of the ocular lens with regard to the development of an accurate

model. Data were analyzed from previous unconfined compression tests, producing material pa-

rameters by fitting the previous data curves. Additional data was generated through unconfined
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compression tests without preconditioning, to provide more fitting data and the opportunity to

compare the effects of preconditioning to those of lenses tested with none. Alongside compression

testing, a puncture testing method was developed and data produced that can also be fit and allow

the investigation of lens failure and the interaction between the ocular lens and intraocular foreign

bodies (IOFBs). Both of these mechanical tests have provided data that will result in the determi-

nation of material properties of the whole porcine ocular lens. Nanoindentation was performed on

the anterior porcine lens capsule to isolate the properties of the lens capsule. With said properties,

the mechanical properties of the interior lens fibers can be back-calculated for the whole lens testing

data.

The identification of the ultrastructure of the lens was also pursued. The type-IV collagen

mesh-work that comprises the support structure of the lens capsule was imaged using electron

tomography. More imaging is needed to confirm the observed structure, but a preliminary method

(in need of some refining) has been developed to extract the geometrical data from the 3-dimensional

reconstruction of the lens capsule samples. Confocal LASER scanning microscopy was employed

to image the ultrastructure of the lens fiber cells. This was successful and many images of the fiber

cell structure were obtained. A similar method has been developed to extract the geometrical data

and that work is currently being completed.

This thesis is a presentation of results that are part of a larger research goal, that goal being

the generation of an ultrastructurally based computational finite element model of the ocular lens.

The results from this research are great progress towards that goal and will hopefully have lasting

effects for soldiers, civilians, and anyone with visual impairment or injury involving the ocular lens.
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