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ABSTRACT

Currently, there are various diseases that affect the corneal structure, when not treated
in a timely manner can cause damage to the corneal structure, which affects the correct
vision of people, in these cases the patient goes to the ophthalmologist, who through
clinical studies determines the pathology and the degree of impairment of the corneal
structure, in many cases surgery is necessary to correct this damage, however, there
are cases in which after surgery the cornea suffers further damage to its structure, fur-
ther affecting the visual acuity. To avoid damage after surgery, more effective methods
are searched to determine whether the patient requires surgery or not, by analyzing
the corneal biomechanics and its properties, in addition, the morphological analysis
of the corneal tissue that allows observing the physical changes produced by these
diseases. With the purpose of studying the physical structure and the forces applied
on the corneal tissue, this article presents a construction of the corneal surface, for
this, different types of elastic, hyperelastic and visco-elastic materials for simulation
have been analyzed, whose characteristics resemble the flexible behavior of the cor-
neal tissue in conditions of tension and deformation, in addition, a three-dimensional
corneal geometry has been obtained from images of corneal tomographies, which
were extracted from ophthalmologic examinations. Consequently, the unification of
the three-dimensional geometry of the cornea with the properties of elasticity, Pois-
son’s ratio and density assigned to a simulation material, results in a corneal model
that resembles the natural corneal tissue.

Keywords: Corneal biomechanics, Three-dimensional geometry, Corneal modeling,
Neo-hookean

INTRODUCTION

The cornea is an element of great importance in the visual system, it is a
delicate tissue that is responsible for protecting the internal structures of the
eyeball and at the same time, it provides two thirds of the refractive power
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of the vision mechanism of our eyes (Ophthalmology (AAO), 2012), for this
reason when the cornea loses transparency or changes shape due to diseases
or accidents, the correct vision is deficient and hinders the perception of the
images of the environment (Chen, 2022).

Different devices for professional use make it possible to analyze the state
of the tissues and corneal geometry in order to facilitate professional diagno-
sis and the determination of diseases (Cordero et al., 2020), as well as possible
solutions to improve the poor vision caused by corneal damage. Some meth-
ods of vision correction are refractive and laser eye surgery (Dogan, 2019) or
implants, whose action is to restore the shape of the cornea or replace tissues
or functions of the cornea, so that it can again focus light correctly (Dunkin,
2020).

Like any surgical procedure in the body, there may be secondary effects
such as undercorrection, overcorrection, infection, delayed healing (Barrera
Meléndez, 2019), however, a greater problem arises when postoperative ecta-
sia is generated, that is, when the corneal deterioration returns or worsens
after the surgery has been performed (Jin et al., 2020).

For this reason, it is necessary to look for new alternatives for the analy-
sis of the cornea through its biomechanics, by creating a three-dimensional
cornea and identifying modeling materials that resemble the tension and
deformation behavior of corneal tissue (Barreto & Alvarez, 2018).

MODELING MATERIALS

There are different types of materials used to describe the mechanical beha-
vior of tissues since the mechanical properties of tissues have wide interest in
different medical applications (Moreno et al., 2018). From the studies per-
formed by (Kim et al., 2012; Zisis et al., 2015), it can be highlighted that
when a small load is applied to a living tissue and subsequently removed,
it has a linear elastic behavior, but when the tissue has a behavior similar
to rubber or is subjected to large deformations it shows a nonlinear behavior
(hyperelasticity) that said, the most optimal model that resembles corneal tis-
sue and given the characteristics required for the specific material the corneal
structure is modeled with a hyperelastic material (Nguyen et al., 2020).

TheMooney-Rivlin model is a hyperelastic material model that can resem-
ble materials with isotropic and isothermal mechanical properties, it makes
stress-strain relation by means of a strain energy density function, a linear
combination of two invariants of the Cauchy-Green strain tensor (Ngu-
yen et al., 2019), meanwhile, the Neo-Hookean hyperelastic model is a
model similar to Hooke’s law, it is applicable in structures subjected to large
deformations, this model can be applied in materials where initially the stress-
strain relationship is linear up to a certain point and then this relationship
changes to a nonlinear behavior (Kim et al., 2012; Moreno et al., 2018).

Because of the necessity of the integration of corneal geometry with bio-
mechanical characteristics, Preview software will be used for this process, for
this, the ideal is to find a model that with few parameters manages to describe
the behavior in different situations of deformation of the corneal structure.
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Figure 1: Problems when overriding errors. (A) By identification of the inner and outer
circumference of the cornea, in the upper part of the figure, the blue lines do not follow
the corneal contour due to a deformity, the areas marked in red are the features that do
not belong to the cornea. (B) By edge identification, the edges do not follow a defined
contour, but cross the cornea.

It is found that the Neo-Hookean model fits better taking into considera-
tion that less data is needed for its input and at the same time these data are
extracted from the cornea’s own biomechanics such as the modulus of ela-
sticity, whose calculation can be found in the work done in a previous stage
(Cordero-Mendieta et al., 2020).

THREE-DIMENSIONAL CORNEAL RECONSTRUCTION

Two-dimensional corneal images are used to obtain a three-dimensional
model of the cornea. The basis for obtaining these images are files in “dicom”
format which come from corneal tomographies, however, in a tomography
not only the images of the specific object are captured, but also the adjacent
tissues and elements close to the cornea such as the iris and the pupil, addi-
tionally, the images of the cornea can be altered by the reflection of light on
this tissue, forming spots or clear areas that distort the shape of the cornea,
this inconvenience can be corrected by eliminating these features foreign to
the tissue to be studied.

Removal of Features that do not Belong to the Cornea

There is a need to remove all stains and features that are not part of the cor-
nea, for this, different methods have been tried to suppress these unnecessary
features, in the first procedure that was tried to remove these noises, all the
features that were outside the circles that form the inner and outer edge of
the cornea for each slice of the tomography were annulled, based on (Kumar
et al., 2015), however, when the cornea presents keratoconus or other path-
ology that deforms its geometry , these edges are not uniform so they do not
form a circumference which makes this method not viable since part of the
corneal surface would be lost as seen in Figure 1(A). Another procedure with
which we tried to eliminate the features that were not part of the cornea was
by means of edge detection, during the test of this method it was evidenced
that in those areas that presented dark spots the edges were also highlighted
and in the areas where there were light spots edges that crossed the cornea
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Figure 2: Non-solidified cornea from InVesalius.

Figure 3: Anterior and posterior layer of the cornea.

were created as shown in figure 1(B), therefore, this method is less efficient
than the one tested in the first instance.

A viable option to eliminate these errors is by means of the software
“InVesalius”, this software makes it possible to segment the images manu-
ally or automatically (by using filters), import the “dicom” format files, and
the corneal images are manually modified using the software’s own tools,
which allow drawing missing areas or deleting features that protrude from
the edges of the cornea, preserving only those areas corresponding to the
corneal geometry in each of the slices, either in the axial or sagittal plane.

Subsequently, the information is re-rendered to create a first 3D object that
approximates the three-dimensional geometry of the cornea to be created
using the same software (See figure 2).

Solidification of the Three-Dimensional Geometry

Since the three-dimensional reconstruction coming from the “InVesalius”sof-
tware, the resulting object is not a solid, but only presents the anterior and
posterior layers of the cornea as two objects separated by an air gap (see
Figure 3), it is necessary that these objects form a single solid body similar to
the corneal tissue.

For this we made use of the Meshmixer software, with the use of the
“Make Solid” tool, an approximation of the original shape is created using
a large number of small cubes called “voxels” of modifiable size (Autodesk,
2018) that fill the empty space between the layers, thus creating a single solid.
It is more suitable for the solidification of the object the “Accurate” mode,
where the software takes the approximation of the cubes and calculates a
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Figure 4: Solid cornea.

field of distances that approximate the original object, subsequently, you can
modify the mesh density by increasing or reducing the size of the voxels and
create a smoothing of the surface using the “Smooth” tool that smooths the
surface as it is the cornea, finally obtaining the result seen in Figure 4.

As a last step, Poisson’s Ratio, density and corneal modulus of elasticity
obtained from its biomechanical parameters are attached to the solidified
three-dimensional cornea.

Finally, a structure containing the shape and characteristics that resemble
as much as possible a specific cornea (healthy or pathological) is obtai-
ned, thus allowing the use of the structure for the necessary analysis of the
behavior of the corneal surface tissue.

CONCLUSION

The analysis of several models of hyperelastic materials has been carried out
and it has been concluded that the Neo-Hookean material model, thanks to
its hyperelastic characteristics, is ideal to analyze the stress-strain behavior of
the corneal tissue, in addition, it allows obtaining its elastic modulus values
through the biomechanical parameters extracted from the ophthalmologic
examinations of each eye to which the three-dimensional model will be made.

In the construction process there are different methods to obtain the edges
of the cornea in an axial tomography slice, however, when it presents path-
ologies that deform its geometry it is not possible to determine its edges by
locating circles because the characteristics of the cornea according to its path-
ology do not form a homogeneous geometry so that when delimiting the edges
through a circumference the information that remains outside the area is lost.

Due to the nature of information extraction and all the modifications made
during the three-dimensional construction processes of the cornea, it is possi-
ble that the final result that is presented loses some geometric characteristics
of the initial product that the “dicom” files have, however, by combining it
with the characteristics of the Neo-Hookean material, it is possible to have a
model that has the shape and characteristics that resemble as much as possi-
ble a specific natural cornea (healthy or pathological) thus allowing the use of
the structure made for the necessary analysis on the behavior of the corneal
surface tissue.
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FUTURE WORK

The aim is to simulate the action of an external force similar to the air jet
emitted by the tonometer applied on the corneal surface, in order to obtain
pressure distribution maps and the tension exerted, being able to identify
possible fragile areas in the tissue according to different corneal pathologies.
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