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Abstract: According to the World Health Organization (WHO), approximately 1.3 billion people
experience visual impairments. Daily exposure to various levels of luminous beams directly impacts
the front layer of the visible structure, leading to corneal injuries. To comprehensively understand
this, we reconstructed a three-dimensional model utilizing the PENTACAM® system. This enabled
us to accurately determine the 50th percentile dimensions of the fibrous layer of the eyeball. Using
the Ogden mathematical model, we developed a 3D cornea model, treating it as a soft tissue with
predictable behavior, considering mechanical properties such as viscoelasticity, anisotropy, and
nonlinearity. Employing the Finite Element Method (FEM), we analyzed five distinct test scenarios
to explore the structural response of the cornea. Luminous beam properties were instrumental in
establishing varying mechanical loads, leading to structural deformations on the corneal surface.
Our findings reveal that when a smartphone’s screen emits light at a frequency of 651.72 THz from
200 mm, displacements in the corneal layer can reach up to 9.07 µm. The total load, computed by the
number of photons, amounts to 7172.637 Pa.

Keywords: biomechanics; cornea; displacements; luminous beams; structural deformation

1. Introduction

In Mexico, visual disease cases number around 7.1 million, and based on a study
by Instituto Nacional de Estadística y Geografía (INEGI), 33% have visual impairment or
blindness. These diseases affect people who are 50 years old to elderly and are often due
to long periods of luminescence exposure from high-level irradiation sources toward the
ocular organs [1–3].

The first model of the eye that used the Finite Element Method (FEM) was from around
1997. This model was made based on empirical values according to the anatomy of the
human eye. The prediction of optical image quality at various levels of defocus aided this
study with refractive surgical methods, such as photorefractive keratectomy and automated
lamellar keratoplasty [4]. In 2002, in Germany, experiments in two locations with different
values of UV and UVB radiation (305 nm and 315 nm) demonstrated that several instances
of damage appeared in areas with higher ambient radiation [5]. In 2006 in Singapore, a 2D
finite element-based model was designed as a thermal model for early detection of disease,
and research revealed the effectiveness against the infrared method (0.33% error) and the
FEM model (0.127 error) [6]. In 2010, a mathematical model was performed applying a
variant of the FEM (sigma) to increase the accuracy of bioheat transfer due to experimental
treatments by the method of immunotherapy against cancerous tumors in the eye. By
using the hyperthermia method, the tumor temperature can be raised without affecting
its properties [7]. In 2012, an implant was developed to treat glaucoma; the cornea model
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(located for transplantation) was used under specific conditions, and the simulation was
performed based on the temperature variant and its prevention in the implant [8].

In 2015, Salesian Polytechnic University developed an ocular model of the human eye
as a tool for intraocular pressure measurement for patients requiring glaucoma prevention.
The cornea thickness was used to obtain a mathematical model to determine the severity of
the disease in patients [9]. Similarly, in 2015, a model of the human organ was announced;
this one was performed to study primary eye blast injury, calculating the stresses around
it. Considering the eye’s shape, it is possible to produce a resonance effect, increasing
the damage, considering the loading conditions in different lengths from the blast and
the explosive mass loading (trinitrotoluene) [10]. A numerical simulation by I. Simonini
and A. Pandolfi aims to analyze the mechanical properties in the cornea post-surgery. It
is used for visual correction in patients with eye diseases. The numerical models provide
quantitative and accurate information about the refractive properties in the cornea [11]. In
2016, a FEM model of the human eye was generated, allowing daily evaluation of the optic
nerve motion [12].

In Iran in 2016, a numerical analysis of the whole eyeball (cornea, aqueous humor,
iris, ciliary body, crystalline lens, vitreous humor, retina, sclera, optic nerve, and external
eye muscles) under loads that are created by trinitrotoluene was performed. This analysis
was performed through a Lagrangian model and a Eulerian computational method [13]. In
2016, an analysis of the damage caused by a tennis ball at 69 m/s hitting a human eye (ex
vivo) was performed. The study defines the stresses and deformations in the main parts of
the eyeball, which, including the cornea, by magnetic resonance imaging results exhibit
displacements of up to 0.045 µm and stress of 8.27 MPa [14]. In the same year, by Whitford,
C. et al., an in vivo cycle method in a porcine eye was developed to determine the variation
of the mechanical behavior of the ocular surface (sclera). The methodology proposes an
analysis of the sclera, measuring the internal displacements generated through digital
cameras and image correlation software [15]. Computational models were made using
topographic data of 10 patients who suffered refractive grid extraction due to astigmatism
or myopia. Finite element analysis was performed based on intraocular pressure; a study
of intraocular forward pressure estimates the corneal displacement when the extraction
procedure is carried out. Intraocular approaches reveal less impact on collagen layers [16].
In 2018, an eye model was developed to analyze the stress generated by intraocular pressure;
the model focuses on a correlation between eyes with and without glaucoma, which tend
to stiffness. The aim is to estimate the pathophysiology of glaucoma by identifying possible
risk factors [17]. In 2023, biological tissue in a finite element model was developed, taking
into consideration type of mesh, mechanical properties and compressive loads. The aim
was to remodel the soft tissue of the liver under a pathogenesis, considering hyperelasticity
and viscoelasticity as main properties for the numerical solution to analyze the structural
behavior; results show an approach of the deformations through a fractal method in the
surface of the liver [18].

Research by M. Xu focused on corneal biomechanical and optical behavior, applying
the FEM, and proposes a step-by-step methodology to reconstruct a model in the different
parts and layers [19]. The primary considerations for realizing this numerical analysis are
about the type of material. The visual organ is viscoelastic, considered a material capable
of absorbing energy, deforming to its original state, and dissipating much of it [20]. In
addition, the mechanical properties of its tissues, the human organ is said to be hyperelastic,
anisotropic, and nonlinear due to its unique properties. Therefore, a mathematical model
capable of satisfying the analysis, the Ogden model, was proposed to be used [21]. The
focus of the work was to analyze the cornea and its damage. It is essential to consider the
distinctive properties of the cornea for reliable analysis, such as elasticity, creep, relaxation,
and hysteresis [22]. Before performing the investigation, it is essential to note that light must
be considered from its purest part, an electromagnetic wave. The energy emitted by the
photon is considered, using Planck’s constant, the speed of light, and the wavelength of the
emitter itself [23]. Ramirez, O. developed a methodology analyzing the behavior of tissues
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and bones, replicating in an experimental test bench the movements of a rib of the human
body in the breathing process; results show the characterization of the force and strain
and the main considerations when parts of the human body are used under compressive
stress [24]. Rezvan Fada investigated the mechanical properties of bone cement material
without porosity to carry out a FEA analysis to study the structural stability and stress
behavior in the material; outcomes allow the quantification of the porosity effect of the
calcium phosphate to develop improvements while applying strontium nitrate [25].

This research aims to analyze the behavior in the eyeball’s corneal surface when
prolonged luminous beams irradiate it at a minimum distance. A three-dimensional
model of the human visual organ is constructed, based on accurate dimensions from
the PENTACAM® study, and supported by the clinical literature; through a numerical
simulation, it is possible to establish the requirements to configure and represent the
study cases of the biological material. The results show an approach quantifying the
displacements on the corneal surface due to different light beams’ exposition.

2. Materials and Methods
2.1. Three-Dimensional Model

The 3D modeling procedure considers the human eyeball and the main parts com-
posing it. First, research was done on the accurate dimensions of the visual organ of the
50th global percentile [26]; then, the measurements were obtained with clinical reports and
literature. Further, a 2D sketch was created to validate it and develop a 3D detailed design;
finally, we created the numerical simulation considering the 3D model and the study cases.
This research presents a complete 3D model of the human organ; it was considered a
topographic study, and we obtained the values in Table 1.

Table 1. Dimensions of the specific parts of the human organ, 50th percentile.

Zone Dimensions

Cornea D: 10 mm. Volume: 57.5 mm3. Thickness: 0.5 mm.

Sclera Different thicknesses. Leaf blade: 0.8 mm. Equator: 0.4 mm.
Optic nerve insertion: 4.5 mm.

Iris D: 12.33 mm. Ang. iris–cornea = 56◦. Iris–crystalline distance
1.8 mm. Corrugated.

Pupil D: 3 mm. “Its diameter is between 3 and 4.5 millimeters in the
human eye. It can widen to between 5 to 9 mm in the dark”.

Crystalline Three layers and greater curvature is the back face. Capsule
thickness: 0.5 mm. Core: 2.1 mm.

Ciliary muscle/ciliary body Thickness: 0.6 mm. Distance between the ciliary muscle and
ciliary body: 0.35–0.3 mm.

Choroid Thickness: 0.4 mm

Retina Different thicknesses. Periphery: 2 mm, optic nerve insertion:
5 mm.

Pos/Ante Camera Vol ante: 192 mm3.

Eyelids/Corneal cavity

Different thicknesses. Leaf blade: 1 mm. Equator:
1.5 mm/sclera–cavity space: 0.1 mm. Thickness: 1.5 mm.

“Their distances vary between 12–14.5 mm at their maximum
opening, and 3.5 mm is considered the minimum”.

Axial length 24.66 mm.

Based on the same study and the literature, considering the 2D sketch, a 3D model
was developed on the computer program SolidWorks® 2022 by Dassault Systèmes, Velizy-
Villacoublay (France). Since the eye is composed of two liquids (99% water), the vitreous
and aqueous humor [27], in addition, the capsule of the lens is considered, and it is a vital
element in the capability of the organ to collect external stimuli and its purpose as a barrier;
it is divided into three parts: the lens capsule, the cortex of the lens, and the nucleus of
the lens. It is essential to add these elements to the model because the current study of
this research focuses on the analysis of light waves under the surface of the eyeball. The



Appl. Sci. 2023, 13, 12132 4 of 13

thickness of the capsule was 0.5 mm, and the diameter of the nucleus was 2.1 mm; the
study mainly considers the corneal behavior due to loads on the surface with luminous
beams. Furthermore, it is important to consider these internal layers where the luminous
lengths can breach them. Figure 1 shows a cross-section view of the eyeball reconstruction.
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Figure 1. Reconstruction of a human eyeball and its parts; isometric cross-section view.

From the data shown in Table 1, it was possible to reconstruct a 3D model of the visual
organ and apply specific mechanical properties for each part to develop the numerical
analysis. In the model, the vitreous humor was removed to appreciate its features better, as
shown in Figure 1.

2.2. Numerical Requirements

The eyeball is continuously under different beam levels of energy. Nowadays, every
single person uses devices or tools that are sources of light and that emit luminous bright-
ness, which can cause injuries or blindness. To develop the numerical simulation, it was
necessary to consider the eyeball and the corneal surface where the luminous beams impact;
different common cases were considered, such as sunlight, the screen of a smartphone, and
beams of light from devices (e.g., high brightness luminaries or laser light); depending
on the case, different compression loads are exerted on the structural surface. Once the
detailed design was completed successfully, it was exported to a computer program where
the pre-processing, numerical configuration, solution, and post-processing were carried
out; the FEM was applied, high-order tetrahedral elements were considered to the whole
model, and the irradiance of the light to the cornea was at a 200 mm distance. The model in
Figure 2 shows a cross-section of the eyeball and one study case representation.
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The developed model was considered for the numerical analysis. It is essential to
follow the methodology proposed. After the reconstruction of the eyeball’s 3D model, the
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next step was to export the model in STL format to the computer program MATLAB®; in
this program, a 3D scenario was created to perform the numerical solution. The model
consists of 17,131 faces, with a weight of 587 kb. Then, a tetrahedral mesh was applied to
the model, and high-order tetrahedral finite elements were applied. There are 10 nodes per
element: 4 angular nodes (vertices) and 6 nodes between each vertex. Figure 3 shows the
corneal surface (area to be analyzed) in tetrahedral elements.
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Figure 3. Tetrahedral mesh on the corneal surface.

This analysis only considers the corneal surface as the element of study, considering
its mechanical properties, such as its percentage of transparency (70%) and convex shape.
In the MATLAB® program student version, the boundary conditions were applied on
specific nodes to fix the cornea’s contour (474 points), and nodes of movement (2223 points)
on the corneal surface were assigned to the study case. The structure of the cornea is
composed of collagen fibers; the human cornea has the highest penetration compared to
domestic animals such as rabbits or pigs. The modulus of elasticity in the human cornea is
approximately 2.29 MPa with a variation of ±0.06 MPa (in ages from 18 to 30). Thus, the
average is from 0.13 MPa to 0.43 MPa because the younger the person, the lower the value,
while elderly people have higher values [28]. In the anterior part of the model, the cornea
is considered as a deformable material, while the posterior parts of the visual organ were
taken as anchorage elements to achieve the numerical simulation for this study; in Figure 4,
the anchorage nodes and the movement nodes were configured in the whole model.
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Models are used to describe mechanical behavior and obtain stress and strain patterns
applied to organic tissues like the human cornea. The Ogden model is regarded as a
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suitable model for hyperelastic material behavior and depicts strain energy W considering
the main extensions: λ1, λ2, λ3. The results of stress tests are obtained with an acceptable
approximation using this mathematical model. The appropriate expression is:

W =
n

∑
p=1

up

αp
·
(

λ
αp
1 + λ

αp
1 + λ

αp
1 − 3

)
3. Results
3.1. Beam Type versus Incident Charge Ratio

To perform the proposed analysis, it was essential to consider the typical cases in
which the types of light can be presented. They are differentiated by wavelength, and
depending on this value, they were positioned in different electromagnetic spectra. The
selected case studies were set as shown in Table 2; there were five daily cases with specific
values of the wavelength, frequency, and types of radiation that matched the values raised,
taken arbitrarily. The initial proposal included incident light beam charges, the charge of a
photon, and the number of photons. The range of values in each case study has already
been established in five specific cases developed from the principle of optical tweezers [29].
The power and wave frequency were predominant in load changes in the five cases that
already had the application to obtain the total load in each case.

Table 2. Cases of study.

Case No. Wavelength Frequency Electromagnetic Spectrum

1 300 nm 999.31 THz UV-B
2 350 nm 856.55 THz UV-A
3 460 nm 651.72 THz Visible Spectrum (Blue)
4 1000 nm 299.79 THz Near Infrared
5 1500 nm 199.86 THz Medium Infrared

3.2. Model Validation

It was essential to validate the proposed model; the cornea is considered a regular
geometry. Therefore, it is possible to view a proportional fraction to validate a specific
area. Hence, 25% of the corneal surface was considered for the analysis. This was mainly
to reduce the computational resources and the time to solve. Figure 5 shows a free-body
diagram in different views.
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The boundary conditions had three constraints, shown in Figure 5, marked by a gray
shadow; where it exists, they were applied in each of the three views of the figure. These
conditions belonging to the nodes involved in the numerical analysis program are shown
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in Figure 6. As a result of this validation, 26 nodes (blue dots) were assigned at the base of
the corneal structure.
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Several researchers contemplated comparing the data from the necessary mechanical
properties to be used. The following parameters were selected for a K (modulus of com-
pressibility) of 100 µ, shear modulus of 0.282 MPa, and elastic modulus of collagen fibers
(EFIB) of 38.950 MPa [30].

The values assigned were compared with an experimental investigation from 1972. In
this specific case, the displacement carried out at the specific moment of the incidence of an
amount of load, the whole process was quantifiable in an experiment with the corneas of
15 specimens of different persons [31]. The results of the comparison are shown in Table 3.

Table 3. Correlation of results.

Case Load (mmHg) Deformation
(µm) Experimental Values Range (µm)

1 10 10.7 1.7–11.8
2 15 17.989 9.59–18.4
3 20 23.1 12.3–23.7
4 25 27.8315 14.4–27.6
5 30 33.387 16.4–31.6
6 35 37.4516 17.8–34.2
7 40 39.01 18.5–35.5

The error was calculated in each of the seven payloads; cases 1 to 4 exhibit less than 1%,
and the last three no more than 10%, averaging a total error of 3.4%, which is an acceptable
value to proceed with the analysis of the cases; from the data of Table 3 and by applying
the general equation of error percent it is possible to estimate the error per case.

%error =
(

analysis result − experimental value
analysis result

)
∗ 100

In each case, the error was calculated for each of the seven references: case 1 = 0%; case
2 = 0%; case 3 = 0%; case 4 = 0.83%; case 5 = 5.35%; case 6 = 8.68%; case 7 = 8.97%. Applying
an average to the above percentage error results in a %error = 3.40%. Figure 7 shows the
comparative values from Table 3; age-related health conditions and the solution method
(numerical or experimental) contribute to the difference between each curve displayed in
the graph. However, there is an approximation between outcomes.
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The analysis of the cases to be studied was based on the procedure applied in the
validation, but in this case, the whole model was contemplated for greater assertiveness in
the results; thus, we were able to consider a more significant number of decimal places in
the calculations. Also, the complete model (corneal surface) in the program, its exportation
to STL, the tetrahedral mesh’s application, and the assignation of the boundary conditions
were used and configured. Figure 8 shows the free-body diagram into 2 views; (a) 3D view
and (b) wireframe view.
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Figure 8. Study case, luminous beams on the surface’s corneal eyeball.

Different justified restrictions were considered for each case, resembling, to a greater
extent, the real condition that a human cornea presents when receiving a light beam. The
base, which represents a direct restriction in the “Z” axis due to its union with the rest of
the human organ, is the only restriction that concerns it, mainly because the light beam
impacts from the “Z” axis. The inner side has restrictions in the “Y” and “X” axes. These
restrictions are essential because represent the material’s resistance, not losing its elliptical
shape. Finally, the outer face, being the face to be deformed, does not have any constraint;
as shown in Figure 9, the conditions were applied to develop the analysis.

Table 4 shows the power values consulted for different sources. In cases 3, 4, and 5,
these values were obtained from user manuals and information from the sources. However,
in the sun source, sunlight provides illumination of approximately 10,000 candelas/m2 on
a cloudy day and 50,000 candelas/m2 on an ordinary day [32].
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Table 4. Power values per case.

Case Power
[W] Source Distance

(mm) Photon Load (Pa) Photons Total Load
Applied (Pa)

1 0.1 Sun 200 6.966 × 10−15 15.106 × 1016 1052.2616
2 0.0857 Sun 200 5.99 × 10−15 15.106 × 1016 905.8763
3 0.5 Smartphone’s screen 200 4.5439 × 10−15 157.85 × 1016 7172.637
4 0.01 Commercial laser 200 2.09022 × 10−15 5.0474 × 1016 105.22616
5 1 Commercial laser 200 1.3934 × 10−15 755.12 × 1016 10,522.62

Five different results were obtained by using the values of Table 4; therefore, the
outcomes show the results of the displacements. Once the values of all the cases have been
obtained, it is possible to compare the load applied in each case and the displacements
considering the boundary conditions.

4. Discussion

When comparing the results obtained numerically, there is a variance in the values
obtained experimentally in the research contemplated. The outcomes in the validation are
considered to have an absolute error of 3.2%. This error may be due to the patient’s age,
the dimensions of the parts of the visual organ, and the mechanical properties. The age
of the subject for this research was a 72-year patient. Therefore, the variance in the graph
is considered; due to age-related health conditions, there were significant deformations
generated. The graph retains its characteristic curved shape, validating that the model and
the analysis proposed employing the characteristic equation of the Ogden model satisfy
the characteristic curve for viscoelastic materials. The values obtained in the five cases are
presented in Table 5 to compare them.
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Table 5. Summary results.

Case
No.

Source
(W)

Photon Load
(Pa)

Photons
Number

Total Load
(Pa)

Maximum
Displacement (µm)

1 0.1 6.966 × 10−15 15.106 × 1016 1052.2616 1.33
2 0.0857 5.99 × 10−15 15.106 × 1016 905.8763 1.14
3 0.5 4.5439 × 10−15 157.85 × 1016 7172.637 9.07
4 0.01 2.09022 × 10−15 5.0474 × 1016 105.22616 0.0837
5 1 1.3934 × 10−15 755.12 × 1016 10,522.62 13.3

Initially, we have the decrease in charge that an individual photon can generate. This
is due to the different wavelength levels; the more influential the wavelength, the less
charge it causes. This can be seen in cases 1 and 2; although the numbers of photons are the
same, the total incident charge and the displacements decrease.

Specifically, case 3 is considered, for a screen of a smartphone at the minimum bright-
ness of 200 mm; the generated charge is relatively high, and if the maximum brightness
is considered, which is 1.5 W, it is estimated that the deformations increase. Because of
this, it is possible to define the loads generated by luminous devices due to the amount of
energy used to display clear and sharp images; therefore, it causes significant amounts of
loads that are not lethal but can generate a constant load. Inconsequential fatigue failures
due to repeated loads of non-infectious injuries, such as exposure to brightness over long
periods, can cause damage to the eyeball, specifically on the corneal surface, causing eye
diseases and blindness [33]. On the other hand, cases 4 and 5, which are commercial
infrared lasers, show the importance of the electrical power by which the light source is
supplied, because greater watt consumption by the source produces more photons and
is directly proportional to the amount of load. Finally, the charge a photon generates
depends on the electromagnetic spectrum to which it belongs. The direction a photon
can generate is inversely proportional to its wavelength features. The analysis specifies
that the deformations in the elastic region were due to the incident charges. Each case
has a different result depending on the wave size and the power of the source. These
case studies could even be extrapolated to cases where the cornea is subjected to extreme
loads, such as refractive surgery, using a laser with specific characteristics, or proposing a
photorefractive keratectomy (PRK). Alternatively, a current technique called Laser-Assisted
in Situ Keratomileusis (LASIK) uses an ultraviolet laser. According to their datasheets,
Table 6 shows the types of wavelengths for both cases.

Table 6. Overview of two eyeball surgery methods.

Surgeries
Type

Applied
Energy

Exposure
Time

Wave
Frequency Area Distance Power

LASIK 2.5 µJ 350 fs 300 GHz 50.6 µm 150 mm 0.5 MW
PRK 2.5 µJ 350 fs 30 PHz 7.06 pm 150 mm 0.5 GW

This information is compiled from the information offered by different surgical devices,
such as the Femto LDV Z8 Laser, and from manuals used for an operation, indications, and
techniques. For example, consider the excimer laser type for LASIK surgery and Neodino
for PRK. Due to the kind of surgery, PRK performs the load on a specific point of the cornea,
whereas LASIK is applied over the entire corneal area.

Considering both specific cases where ablation occurs through scaling and the infor-
mation collected, the amounts of load for each case are as follows:

• LASIK: 5 × 1010 Pa
• PRK: 7 × 1020 Pa

Both are the maximum cases to which a cornea can be subjected in this type of surgery.
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5. Conclusions

In this research, a numerical simulation characterizes the structural deformations of
the corneal surface by the irradiance of different luminous levels. The proposed hypothesis
states that the light exerts mechanical stress (compressive stress) on the corneal surface,
taking into consideration the power and wavelengths of luminous beams and the mechan-
ical properties of the human eyeball; those loads can generate partial deformations due
to overexposure in specific periods. By using open-source code programs that apply the
FEM, it was possible to develop a whole numerical scenario based on our own pseudo
coding, considering mechanical properties, mathematical models, and the study case to
analyze the behavior of the corneal surface under different loads. This method and the
numerical simulation based on the C program language can be used for different structural
static analyses of biological tissues from the human body. Outcomes show the structural
displacements under the irradiation of light depending on the brightness, the distance, and
the wavelength; common devices such as screens of smartphones show maximum displace-
ments up to 9.07 µm when the blue light of the screen is at 200 mm. On the other hand, it is
important to consider the concentration of laser beams on surfaces; optical tweezers pro-
duce radiation of pressure which in nanometric and micrometric scales produces forces of
light moving the particles of the irradiated surface. The cornea is the transparent structure
through which the human organ filters and refracts the light. Therefore, a slight change in
the cornea geometry significantly affects the optical tissue. In a viscoelastic material, these
deformations totally disappear; however, because the cornea tends to thin with age, these
effects grow exponentially, leading to pathogenesis or diseases in older people.
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