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Purpose: The assessment of corneal biomechanics is essential for studying ophthalmological operations, such as refractive surgeries, and
for more accurate estimation of intraocular pressure. The chief aim of the current study is to characterize corneal and fatty tissues in order to
construct a model to predict eye globe behavior during dynamic tonometry tests. Methods: In the present study, images from corneal defor-
mation, acquired from Corvis ST tonometer, were processed. Then, corneal pure displacement and eye globe retraction were calculated.
Utilizing inverse finite element method, corneal material properties were calculated in order to predict pure deformation obtained from Cor-
vis ST. Using a similar approach, material parameters of fatty tissue were estimated in order to predict the eye globe retraction. The model used
for fatty tissue was considered as corneal boundary condition in a forward finite element model to create a joint model, which could simulate
corneal behavior in dynamic tonometry tests. Results: It was shown that an isotropic material model is accurate enough to predict corneal defor-
mation in dynamic tonometry tests. Moreover, effects of IOP on the estimated material properties were investigated. Finally, utilizing the joint
model, it was demonstrated that there is strong correlation between corneal stiffness and the biomechanical parameter introduced by Corvis ST.
Conclusions: An eye globe model was constructed and characterized by two distinct inverse models for corneal and fatty tissue. This model can
be utilized for predicting eye globe behavior during dynamic tonometry tests besides other ophthalmological operations.
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1. Introduction

Cornea is a transparent tissue forming front of the
eye and participating in refracting of the light on the
retina. A healthy cornea generates about 70 percent of
the total eye refractive power of about 60 diopters
[15]. Consequently, variations in biomechanical and
geometrical properties of cornea can intensely affect
corneal refractive power and may interrupt the eye vi-
sion. Therefore, understanding of biomechanical be-
havior of cornea is a beneficial tool for recognizing
cornea diseases, such as keratoconus [19]. Addition-
ally, corneal biomechanical properties are essential for
predicting cornea response in refractive surgeries [5]

and for more accurate estimation of intraocular pres-
sure [13].

Corneal material properties can be evaluated by
several different ex-vivo and in-vivo methods. Ex-vivo
investigations are accomplished on corneal strip [4],
button inflation [7], and whole-globe inflation [3].
Surface wave propagation is an in-vivo method to
quantitatively determine material properties of cornea.
Elastic and viscoelastic properties of cornea tissue can
be estimated using this method [6], [26]. Nonetheless,
these investigations are carried out on ex-vivo sam-
ples, so the effectiveness of these methods in clinical
applications has not been proven [18]. Applying the
tonometers to measure intraocular pressure (IOP) is
another in-vivo method to investigate cornea biome-
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chanics. Tonometers are generally divided into two
groups of contact tonometers, e.g., Goldmann to-
nometer, and non-contact ones, e.g., Ocular Response
Analyser (ORA; Reichert, Inc.) and Corvis ST (Cor-
Vis ST; Oculus Optikgerate GmbH). In addition to
IOP, some non-contact tonometers evaluate some
biomechanical properties of cornea; for instance, ORA
tonometer reports corneal hysteresis (CH) and corneal
resistance factor (CRF) as corneal biomechanical prop-
erties. Corvis ST is another non-contact tonometer
recently used for assessing biomechanical properties of
cornea. Corvis ST tonometer applies a metered air puff
in about 32 milliseconds with a maximum amplitude
of 25 kPa [1]. Due to the applied pressure, cornea de-
forms; it passes through the first applanation and
reaches the highest concavity configuration. Then, by
reducing the amount of applied pressure, cornea be-
gins to return to its natural shape by passing through
the second applanation. This tonometer uses an ultra-
high-speed camera capturing more than 4300 images
per second to record cornea deformation during to-
nometry test. These images provide an efficient tool for
assessing cornea biomechanical material properties.
Recently, Corvis ST tonometer presented two novel
stiffness parameters that can be used for screening
corneas with keratoconus [25].

Luce studied the results of ORA tonometry test to
estimate biomechanical properties of the cornea and
their relationship to IOP [14]. He expressed that cor-
neal hysteresis measured by ORA provides valuable
data for qualification of refractive surgery outcomes.
For instance, post-LASIK eyes showed low corneal
hysteresis. Assessment of the biomechanical proper-
ties of cornea in normal and keratoconus eyes was
conducted by Shah et al. [19]. Roy et al. estimated
corneal elastic modulus after crosslinking by em-
ploying inverse finite element method [17]. In their
study, patient-specific finite element models were
constructed with the use corneal topography measured
before crosslinking. Corneal properties were opti-
mized using inverse optimization method in order
to minimize differences between in-vivo corneal to-
pography and theoretical prediction after crosslinking.
A viscoelastic finite element model was presented by
Kling et al. in order to predict in-vivo corneal defor-
mation in various conditions [9]. Sensitivity analysis
disclosed influence of IOP, corneal thickness, and
corneal biomechanical properties on corneal deforma-
tion. Parametric study was accomplished by numerical
model in order to estimate the effects of IOP and ap-
plied air jet pressure on mechanical behavior of cor-
nea [21]. Cornea biomechanical behavior in non-
contact tonometer was studied by considering an ani-

sotropic hyperelastic material [2]. The influences of
IOP, corneal thickness, and corneal stiffness on the
apex displacement were investigated taking variation in
the mentioned parameters into consideration. A pa-
tient-specific inverse finite element model was util-
ized in order to assess biomechanical properties of
cornea from Corvis ST tonometry test [16]. The ef-
fectiveness of inverse finite element model in estima-
tion of corneal material properties was shown in this
study. Jannesari et al. (under review) determined ap-
propriate material model for cornea by using images
captured from Corvis ST. They quantitatively showed
that the contribution of viscosity in cornea response in
dynamic tonometry tests can be disregarded.

The main goal of the current study was an in-vivo
assessment of on biomechanical properties of cornea and
fatty tissue, based on images captured from Corvis ST
tonometer. Cornea deformations were determined using
profiles obtained with the use of image processing tech-
niques. Cornea pure deformation and eye globe move-
ment are decoupled from corneal profiles. Employing
inverse finite element method (FEM), which is a combi-
nation of FEM and an optimization algorithm, corneal
biomechanical properties were then evaluated in order
to obtain corneal pure deformation. Similarly, biome-
chanical properties of fatty tissue were determined
using the combination an ODE solver and an optimiza-
tion algorithm in order to reach eye globe movement.
The influence of IOP on the estimated corneal material
properties was also studied in present paper. Finally,
influences of test parameters on the corneal biomechani-
cal parameters reported by ORA and Corvis ST to-
nometers were investigated by the current approach.

2. Materials and methods

Deformation of cornea is influenced by its biome-
chanical properties and resistance of the fatty tissue.
In this work, cornea deformation of five healthy eyes
was obtained from images captured from Corvis ST
tonometer by using image processing techniques in-
troduced by Koprowski et al. [11], [12]. The defor-
mation curves acquired from Corvis ST tonometer
were decoupled and converted to eye globe rigid body
movement (retraction) and corneal pure deformation.
Corneal pure deformation shows cornea indentation
due to the applied air puff in Corvis ST tonometry
test. It describes displacement of 576 equally-spaced
points on anterior surface of cornea over 140 instances
in which Corvis ST captures images from corneal de-
formation. In addition to fatty tissue located behind the
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eye globe, there are six muscles responsible for its
movement. These tissues affect the eye globe deforma-
tion when a force, i.e., air pressure, is applied on the
corneal surface. Due to flexibility of the fat tissue, eye
globe can move backward when a force is applied on the
anterior eye. Indeed, retraction depicts eye globe move-
ment toward fatty tissue located behind the eye and also
shows deformation of the fatty tissue (Jannesari et al.,
under review). As a typical response, total and pure
displacements of the apex together with eye globe re-
traction are all shown for a healthy eye in Fig. 1.

Fig. 1. Variations of total and pure displacement of apex point
as well as the whole eye globe retraction for a healthy eye in time

(Jannesari et al., under review)

In the present study, corneal material properties
are estimated in order to reach corneal pure deforma-

tion obtained from Corvis ST by utilizing inverse
finite element model. Similarly, assuming a simple
one-dimensional model for fatty tissue, material con-
stants of the selected model are estimated in order to
reach eye globe retraction.

2.1. Determination
of corneal material properties

In this subsection, the inverse finite element model
utilized for characterization of the cornea tissue is
described. Inverse finite element model is a mixture of
an optimization method and a finite element model.
Levenberg–Marquardt least square algorithm, as an
optimization approach, is employed to estimate mate-
rial properties of the cornea. According to the flow-
chart shown in Fig. 2, the guesstimated material prop-
erties are passed to finite element solver, i.e., Abaqus
FE release 6.14. Then, Corvis ST tonometry test is run
using the finite element model considering the esti-
mated material properties. Afterwards, the corneal
deformation obtained from the finite element model is
returned to the optimization algorithm. Levenberg–
Marquardt algorithm compares finite element solution
with corneal pure deformation obtained from Corvis
ST and is set to reduce their differences by modifying
the estimated material properties. The optimization
process continues until the finite element solution
converges to pure cornea deformation obtained from
Corvis ST by considering a reasonable error tolerance.

Fig. 2. Inverse finite element model to determine corneal material properties
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2.1.1. Finite element model

Corvis ST tonometry test was simulated in a finite
element model by considering estimated material
properties in order to calculate corneal surface defor-
mation. In the following subsections, different aspects
of finite element model such as the model geometry,
material model, boundary conditions, and loading
conditions are described.

Corneal Geometry

Cornea is considered as a two-dimensional axi-
symmetric geometry in Abaqus CAE. The geometry
of cornea was obtained from the first image captured
from Corvis ST which shows the cornea in its unde-
formed configuration. Using the image processing
techniques introduced by Koprowski et al. [11], [12],
coordinates of 576 points on the anterior surface and
576 on the posterior surface of cornea were obtained.
All the points were imported into Abaqus CAE 6.14
and connected to each other via splines. This process
was accomplished for each case separately. Figure 3
shows corneal axisymmetric geometry for a healthy
eye which is modeled in Abaqus CAE.

Fig. 3. Cornea as a two-dimensional axisymmetric geometry;
yellow dotted line shows the axis of symmetry

Cornea material model

Appropriate cornea material model in the simula-
tion of non-contact tonometry tests has been a contro-
versial issue in biomechanics. Su et al. Proposed a hy-
per-viscoelastic material model for considering both
elasticity and viscosity of cornea [24]. The material
parameters of their model were characterized by using
uniaxial tensile tests and stress relaxation experi-
ments. Kling et al. considered cornea as a viscoelas-
tic material and calculated material properties from
in-vivo air puff deformation [9]. Conversely, due to
high loading rate in Corvis ST tonometry test, cornea
was assumed to behave as a hyperelastic material by
Roy et al. [21]. Simonini et al. qualitatively showed

that cornea behavior in Corvis ST tonometry test is
not affected by viscosity of the material [20]. Com-
paring corneal retardation time and air puff loading
interval, Jannesari el al. (under review) expressly
showed that cornea behaves as a hyperelastic material
in non-contact tonometry tests. Therefore, a hyper-
elastic material model must be chosen for cornea ma-
terial model. Although cornea is intrinsically aniso-
tropic, isotropic material models can also predict
corneal behavior with enough accuracy. Moreover, it
is obvious that the number of material constants af-
fects uniqueness of the estimated material properties.
The bigger the number of material model constants,
the more flexible the inverse finite element model and
probably the less unique the estimated material prop-
erties. Since all studies presented will be conducted
with the same loading regime (applied air puff), it is
not necessary to choose anisotropic material model.
Indeed, selecting anisotropic material model increases
flexibility of the model and causes non-uniqueness
issues. However, the material model must be flexible
enough to simulate cornea deformation in Corvis ST
tonometry test. Consequently, Neo-Hookean hyper-
elastic material model is an appropriate choice for
satisfying both uniqueness and flexibility.

The constitutive equation of Neo-Hookean hyper-
elastic material model is defined as [23]
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in which C10 and D1 are model constants, F is defor-
mation gradient tensor, J is determinant of deforma-
tion gradient tensor, and I is identity tensor. The de-
viatoric part of a tensor is shown by dev(*) operator.
Since cornea is almost incompressible [22], an addi-
tional constraint must be considered. Equation 2 de-
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Boundary conditions and loads

Since corneal pure deformation from the model is
compared with the one obtained from Corvis ST, the
cornea is supposed to be completely fixed at limbus
(its boundary). IOP is applied at the posterior surface
of cornea as a constant uniform pressure. Air puff
applied on the anterior surface of cornea is also con-
sidered as a variable pressure with time and position,
as reported by Ariza-Gracia et al. [2].
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Load steps
In the first loading step, IOP is applied on the

posterior surface of the cornea. The initial corneal ge-
ometry obtained from Corivs ST tonometer is a stressed
configuration, and it would differ from the obtained
geometry after applying IOP. Consequently, in the first
step of analysis, a pre-initial geometry is calculated
for the cornea. This geometry reaches the initial ge-
ometry after applying IOP. Air puff is applied on the
anterior surface of cornea in the second step of analy-
sis. The first step needs a static analysis while the
second one is a dynamic case.

2.1.2. Optimization algorithm

In order to minimize differences between the cor-
neal deformation obtained from finite element model
and the one obtained from Corvis ST, Levenberg–
Marquardt least square algorithm is employed. The
objective function to be minimized is formulated as,
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in which uCST is displacement of corneal anterior
surface from Corvis ST, uFE – displacement of cor-
neal anterior surface from the finite element model,
ti – measurement time, rj – distance from corneal apex,
m and p – number of instances and points at which the
objective function is calculated, x = [C10, D1] vector of
material properties, and  – the objective function that

shows error tolerance. The optimization algorithm
was implemented in Matlab through a home-made
code and was linked to Abaqus FE solver via a home-
made python library. As the optimization algorithm
may yield local minima, the optimization process was
repeated with different initial guesses to make sure
about finding global minimum. Moreover, the optimi-
zation algorithm needs the Jacobian test of the cost
function which is evaluated numerically.

2.2. Fat tissue characterization

In order to make the corneal model more accurate, it
is necessary to consider the effects of fatty tissue on the
eye globe deformation. These effects will be considered
in the corneal model as boundary conditions. It was
shown that the fatty tissue shows viscoelastic response
during dynamic tonometry tests (Jannesari et al.; under
review). Therefore, as can be seen in Fig. 4, a parallel
combination of spring and dashpot series with a lumped
mass, showing the eye globe mass, is considered for
modeling the fatty tissue for the sake of simplicity.

Fig. 4. Fat tissue model: a parallel combination
of spring and dashpot which is series with a lumped mass

Fig. 5. Characterizing process utilized for calculating fatty tissue model constants
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The governing equation for the fatty tissue model
is formulated as,

,fkzzczm   (4)

in which m, c, and k are model constants, z – eye
globe displacement, and f – applied force to the fatty
tissue due to the applied air puff, which is obtained
from the corneal finite element model. A similar proc-
ess to the one accomplished for characterizing the
cornea is employed for estimating constants in the
fatty tissue model. The optimization algorithm ap-
proximates the model parameters to minimize the
objective function, defined as,
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where z(ti)Model is displacement at instance ti calculated
from the model, and z(ti)CST is the one obtained from
Corvis ST tonometry. The objective function, , is
summed over 140 instances between 0 to 32 millisec-
onds during which images were exported. Figure 5
shows flowchart of the implemented algorithm in de-
tails. Displacement obtained from the model, z(ti)Model,
is calculated by solving Eq. (4) with Runge–Kutta
ODE solver coupled with Levenberg–Marquardt least
square algorithm. To make sure of finding the global
minimum, the optimization process was started with
different initial guesses.

2.3. Combination of corneal
and fat tissue models

After determining the material properties of both
models, they are coupled with each other in a forward
finite element model, as shown in Fig. 6. The fatty
tissue model is coupled with the corneal forward finite
element model as the boundary condition at Limbus.

This model, which almost represents behavior of
the eye globe in tonometry tests, is used to assess
corneal biomechanical properties provided by ORA
and Corvis ST. ORA reports corneal resistance factor
(CRF) and corneal hysteresis (CH) as the corneal
biomechanical properties. Recently, Corvis ST intro-
duced SP-A1 and SP-HC as two novel stiffness pa-

rameters to be strong indicators of corneal biome-
chanical properties [25]. SP-A1 is calculated by
dividing the resultant pressure on the cornea by cor-
neal displacement from undeformed configuration to
the first applanation.

Fig. 6. Forward joint model for imposing corneal behavior
in IOP measurement process

3. Results

Corneal and fatty tissue’s biomechanical proper-
ties calculated by the optimization processes are pre-
sented within two distinct subsections. Additionally,
reliability of the corneal biomechanical parameters
measured by ORA and Corvis ST tonometers is as-
sessed by using the joint model in the last part.

3.1. Cornea characterization

Since an inverse problem may cause non-unique
solutions due to ill-poseness, the ill- or well-poseness
of the problem must be initially assessed. Hence, three
different virtual corneal displacements are created
using forward finite element model by assuming three
different sets of the material properties. Then, the
inverse model tries to find the assumed material prop-
erties for each of these three virtual displacements.
Moreover, to study the robustness of the inverse model,
virtual displacements were polluted with Gaussian
noise and virtual tests were repeated. Details of the
virtual tests are brought in Table 1.

Table 1. Results of the virtual tests to make sure about well-poseness of the inverse problem

Assumed material properties Initial guesses 2 [10–3  mm2]

C10 [kPa] D1 [10–6  kPa–1] C10 [kPa] D1 [10–6  kPa–1] Noiseless Noisy
100 150 300 50 1.52 2.13
250 300 100 100 1.21 1.84
350 250 500 150 1.08 1.97
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As shown in Table 1, the inverse model for char-
acterizing cornea is well-posed and robust to noise.
So, the material properties calculated by the model are
credible.

After making certain whether the inverse model is
a correct choice, five healthy cases in the age range of
25 to 30 years old were studied. Clinical data were
gathered in accordance with the principles of the Decla-
ration of Helsinki. All data gathered were analyzed
and pure deformation of cornea and eye globe retrac-
tion were obtained. The corneal material properties
were obtained for 3 different amounts of IOP based on
corneal pure deformation and listed in Table 2.

Table 2. Calculated material properties for 5 heathy cases
in 3 different IOP reports as mean  standard deviation

IOP [mmHg] C10 [kPa] D1 [10–6  kPa–1] 2 [mm2]
12 336  27 182  1 0.097  0.013
16 316  27 185  1 0.089  0.020
20 294  28 185  1 0.094  0.006

Fig. 7. Variation of corneal surface displacement with radius
of cornea at four different instances for the first case

Displacements of the corneal surface at four in-
stances are shown in Fig. 7. It can be seen that defor-
mation obtained from the model is in a good agree-

ment with the experimental results. Figure 8 shows
time variation of corneal apex point in three different
amounts of IOP for the first case. This figure shows
that corneal behavior in time can be also predicted by
the model.

Fig. 8. Comparison of time variation of apex displacement
between model and Corvis ST at three different amounts of IOP

Although the model considered for the cornea is
an isotropic model with the minimum number of ma-
terial properties, the model enables prediction of the
corneal behavior with reasonable accuracy in different
evaluated times and positions. The errors observed
may be caused by different reasons, such as inaccu-
racy in spatial or temporal air puff distribution and
simplicity of the assigned material model.

3.2. Fat tissue characterization

The ill- or well-poseness of the inverse model for
characterizing the fatty tissue must be initially as-
sessed, similarly to what was done for characterizing
the corneal tissue. By considering three sets of virtual
material constants for the fatty tissue, Eq. (4) was
solved and the virtual eye globe retraction was calcu-
lated for each set. Subsequently, the inverse model for

Table 3. Results of the virtual tests for assessment of well-poseness in the fatty tissue inverse model

Assumed material properties Initial guesses 2 [mm2]

k [N/m] c [N sec/m] m [g] k [N/m] c [N sec/m] m [g] Noiseless Noisy
500 1 5 200 3 10 6.76  10–31 1.96  10–2

150 2.5 12 300 7 3 1.96  10–31 1.96  10–2

300 2 7 420 15 15 6.15  10–31 1.86  10–2

Table 4. Obtained material constants for the fatty tissue model
as mean  standard deviation for five healthy cases

k [N/m] c [N sec/m] m [g] 2 [mm2]
592.96  106.43 2.60  0.23 10.64  3.14 5.28  10–2  3.82  10–3
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the fatty tissue endeavored to find the material con-
stants for each virtual retraction. The results of virtual
tests, for both noisy and noiseless virtual retractions,
are provided in Table 3.

Since the inverse model for characterization of the
fatty tissue is successful in determination of assumed
material constants for both virtual reactions, it can be
considered as a well-posed and robust model. After
approving the inverse model, by considering the eye
globe retractions of five healthy cases, the material
constants of the fatty tissue model are calculated as
listed in Table 4. Time variation of the retraction for the
first case, which is depicted in Fig. 9, shows the ability
of the model to simulate eye globe retraction neverthe-
less the model is a simple one-dimensional rheological
one.

Fig. 9. Variation of eye globe retraction for the first case,
comparison between model and Corvis ST

3.3. Joint model

To assess accuracy of the separate modeling, i.e.,
decoupling of the eye globe retraction and corneal
pure deformation, the joint model is stimulated by
using Corvis ST applied air puff so that the corneal
total deformation is obtained. In Figure 10 variations
of the apex total displacement with time received from
both Corvis ST experimental data and the joint finite
element model are shown.

To assess the biomechanical parameters reported
by tonometers, CH and SP-A1 are obtained from the
joint model and brought in Table 5 for different values
of IOP. These quantities are two corneal biomechani-
cal parameters which are respectively reported by
ORA and Corvis ST tonometers. Additionally, varia-
tion of these two parameters with maximum applied
pressure is brought in Table 6. Figure 11 shows cor-
relation between parameters SP-A1 and C10 in the
Neo-Hookean material model.

Fig. 10. Comparison between total displacements
from the joint model and Corvis ST

for assuring about decoupling assumption

Table 5. Corneal hysteresis and SP-A1
for different values of IOP when all material properties

are kept constant and maximum air puff pressure is 25 kPa

IOP [mmHg] CH [kPa] SP-A1 [kPa/mm]
12 1.50 22.08
14 1.45 22.08
16 0.90 22.15
18 0.45 22.16
20 0.30 21.31
22 0.95 21.90
24 0.95 21.78

Mean 0.93 21.92
Standard Deviation 0.45 0.31

Table 6. Effect of maximum applied pressure
on corneal hysteresis and SP-A1 when all material properties

are remained constant and IOP is 16 mmHg

Air puff [kPa] CH [kPa] SP-A1 [kPa/mm]
20 1.80 21.92
30 0. 31 22.09
40 0. 41 21.81
50 0.44 22.33

Mean 0.74 22.04
Standard Deviation 0.71 0.22

Fig. 11. Correlation between parameter C10 and SP-A1
in the joint model where IOP = 16 mmHg, D1 = 185 kPa,

and maximum air puff pressure is 25 kPa
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4. Discussion

Different studies were conducted on the in vivo as-
sessment of corneal biomechanical properties [9],
[21]. Some of them ignore the effects of eye globe
boundary conditions, which result from the existence
of fatty tissue and muscles. Roy et al. suggested the
use a parallel combination of spring and dashpot se-
ries with a lumped mass for considering the effects of
boundary conditions [16]. The material constants for
the corneal model and those for the fatty tissue were
all calculated by one optimization process. In the cur-
rent study, corneal and fatty tissue properties were
individually calculated by decoupling corneal pure
deformation and eye globe retraction. Individual op-
timization processes for the cornea and the fatty tissue
increase the well-poseness of inverse algorithm and
yield more reliable material properties.

Most of the studies on corneal characterization have
selected anisotropic fibril-dependent hyperelastic mate-
rial model. However, the corneal displacement from
both model and Corvis ST depicted in Fig. 7 shows that
the presented isotropic material model in this work is
accurate enough to model corneal behavior. As men-
tioned before, anisotropic material models must be used
when the loading type changes between characteriza-
tion process and further investigations. Additionally,
selection of anisotropic material model increases the
number of unknown material properties and requires
extra experiments with different loading regimes to
obtain reliable material properties [10]. Nonetheless,
application of an anisotropic model may decrease er-
rors between model predictions and Corvis ST results.
The findings listed in Table 3 show that cornea with
higher IOP is more compliant [21]. Indeed, the higher
value of IOP yields more resistant force against corneal
deformation, so the cornea must be more compliant to
deform enough. The variation of corneal material prop-
erties in different amounts of IOP is about 10 percent,
and it mostly affects C10. The coefficients C10 and D1,
respectively, describe rigidity and compressibility of
the cornea. Consequently, change in the amount of IOP
only makes C10 to vary and does not considerably affect
compressibility of the tissue. The mass of the eye
globe, which is denoted by parameter m in Table 4, is
nearly equal to the experimentally-measured number
[8]. This confirms that the obtained material constants
are reliable. In other words, calculation of the material
properties in one optimization process may lead to non-
physical values for the obtained material parameters.

An important assumption, considered in the pro-
posed separate modeling, is independence of corneal

deformation and eye globe retraction. Indeed, it was
assumed that these two deformations have no effects
on each other for the modeling purposes. As can be
seen in Fig. 10, good agreement between the obtained
results from model and experiments show that this
assumption is reasonable. This means that the joint
model truly predicts the corneal behavior during Cor-
vis ST tonometry test. It should be mentioned that
effects of the sclera and other components of the eye
are disregarded in this model due to lack of reliable
data in the literature.

As listed in Tables 5 and 6, corneal hysteresis
varies with changes in IOP and the maximum ap-
plied pressure while SP-A1 is almost constant. This
shows that corneal hysteresis cannot be related to
biomechanical properties of cornea. This issue was
also mentioned by Simonini and Pandolfi who re-
lated the corneal hysteresis to dynamics of the cor-
neal elastic structure in their studies [21]. In direct
contrast to corneal hysteresis, SP-A1 is almost con-
stant during variations of IOP and applied pressure;
this means independency of this parameter from test
conditions. Moreover, as seen in Fig. 11, SP-A1
shows strong correlation with material model pa-
rameter C10. These all show strong correlation be-
tween corneal biomechanical properties and the
parameter SP-A1.

5. Conclusion

In the present study, material properties of cornea
and fatty tissue were calculated by using separate
optimization processes. Although the proposed iso-
tropic material model simulates corneal deformation
with enough accuracy, fibril-dependent anisotropic
hyperelastic material can be utilized to increase qual-
ity of the model. In this manner, 3-D geometry must
be considered for the cornea since the fibril distribu-
tion in the cornea is not axisymmetric. It should be
noticed that Corvis ST captures corneal deformation
at a fixed horizontal imaging plane, so 3-D deforma-
tion of cornea cannot be acquired from such images.
Accordingly, it seems that modeling cornea as an iso-
tropic axisymmetric body is an appropriate choice for
characterizing cornea by using data from Corvis ST
tonometer. The greatest advantage of this study is dif-
ferent optimization processes that give information
about the cornea and the fatty tissue separately. Corneal
deformation was tracked during the time, and time-
dependent deformations of corneal and fatty tissue
were considered for optimization. It was shown that the
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parameter SP-A1 introduced by Corvis ST truly ex-
presses a biomechanical property of the cornea whereas
corneal hysteresis parameter presented by ORA var-
ies according to changes in non-biomechanical pa-
rameters.
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