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Abstract The hierarchical architecture of the stromal collagen is strictly related to
the optical function of the human cornea. The basic features of the corneal colla-
gen organization have been known for a while, but recently the advance of optical
imaging has revealed changes across the thickness that might be related to particular
aspects of the corneal behavior. It is worth to investigate whether the actual struc-
ture possesses some relevance in the overall mechanical behavior of the cornea and
whether it should not be disregarded in computational models with predictive pur-
poses. In this study, finite element analyses of the human cornea considering four
different architectures of the collagen are presented. Results of the numerical simu-
lations of quasistatic and dynamic tests are compared and discussed.

1 Introduction

The corneal stroma plays several pivotal roles within the eye. Optically, the cornea
is the main refracting lens and thus has to combine almost perfect transmission of
visible light with precise shape, in order to focus incoming light. Furthermore, the
cornea has to be extremely tough mechanically in order to protect the inner contents
of the eye. These functions are governed by the corneal structure at all hierarchical
levels. The evolution of modern refractive surgery has focused attention on the rela-
tionship between collagen architecture and biomechanical properties of the human
cornea, in particular trying to establish factors that help in maintaining the corneal
shape and transparency under physiological, pathological, or surgical conditions.
The corneal stroma transparency depends particularly on the regular ordering of
stromal collagen fibrils, which cause destructive interference from scattered light
except in the forward direction [1]. Collagen structural protein is characterized by
triple helical domains, which self-assemble into fibrils that further form fibers and
more complex three-dimensional networks responsible for the architecture of organs.
The structural units of the stroma are the ribbon-like fibers called lamellae which
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consist of aligned, evenly spaced collagen fibrils surrounded by a proteoglycan-rich
matrix. Stromal lamellae run parallel to the mean surface of the cornea shell, count-
ing approximately 300 in the central cornea and 500 close to the limbus. This hier-
archical organization of collagen is crucial to the biophysical and mechanical prop-
erties of the cornea.

Qualitative observations on the variation of collagen architecture through the
depth of the human corneal stroma have been documented for over 100 years [2].
Kokott studied the organization of collagen bundles in human cornea and sclera
by tearing their fibrils apart [3] and concluded that the lamellae had an orthogonal
arrangement in the central cornea and extended without interruption from limbus
to limbus, with a circular arrangement at the limbus itself. Earlier X-ray diffraction
studies showed that about 49% of the stromal lamellae are preferentially aligned
orthogonally, along the vertical and horizontal meridians [4]. Advanced imaging
techniques, such as optical coherence tomography (OCT) and the second-harmonic
generation imaging (SHG, a particular type of non-linear optical microscopy), have
now provided new insights on the in-depth organization of the stromal collagen.
Although such techniques are not yet applicable in-vivo to produce reliable patient-
specific models, the recent findings may be of relevance in the optical and mechan-
ical behavior of the cornea, and the actual architecture of the collagen should be
considered in a numerical model with predictive ambitions.

The importance of the stromal microstructure has been acknowledged in several
numerical models of the anterior chamber of the eye built with the aim of estimating
the mechanical properties of the cornea or supporting surgical interventions [5, 6].
Indeed, the opportunity of recreating the exact microstructural and morphological
features of the cornea is recognized in advanced model of artificial engineered tissues
planned to be used in corneal transplants [7].

Aim of this study is to introduce the multiple features of the collagen architecture
that OCT and SHG have revealed into an advanced numerical model of the cornea,
and to ascertain the relevance of such microstructures on the mechanical response
of the anterior chamber through the simulation of in-vivo static and dynamic tests.

2 Advanced Insights in Collagen Architecture
of the Human Cornea

The basic principles of corneal structure and transparency have been known for
some time, but in recent years X-ray scattering and other methods have revealed that
the details of this structure are far more complex than previously thought and that
the intricacy of the arrangement of the collagenous lamellae provides the shape and
the mechanical properties of the tissue. Light microscopy was sufficient to discover
more interweaving of lamellae in the anterior layers than the posterior, character-
ized by thinner lamellae that weave in and out of each other with orientations that
are inclined relative to the corneal surface. The development of modern imaging
techniques has led to improved quantification of lamellar size and organization.
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The hypothesized structure hand drawn by Kokott [3] included the presence of
superior—inferior (SI) and nasal-temporal (NT) preferred directions at the center of
the cornea and circumferential directions at the limbus. With X-ray diffraction exper-
iments, Meek et al. [8] first quantified the orientation of lamellae as viewed in the
plane perpendicular to the optical axis. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) measurements demonstrated that poste-
rior lamellae are one order wider and twice as thick as anterior lamellae [9]. SEM
imaging was used to show how lamellae branch and interweave, and to quantify the
in-plane angles between adjacent lamellae [10]. The raw X-ray data provide scat-
tering intensities versus orientation on a discrete grid of points over the cornea sur-
face corresponding to the experimental measurement procedure, but do not provide
information about scattering variations with depth. X-ray diffraction combined with
electron microscopy have shown that collagen lamellae in the posterior cornea are
generally twice as thick as those in the anterior [9, 11]. Later studies proved the pres-
ence of aligned collagen running between adjacent cardinal points forming chords
across the outer cornea [12]. These additional lamellae have been supposed to con-
tribute to peripheral corneal flattening and seem to occur only in the posterior third
of the cornea.

The regional differences in lamellar orientation across and throughout the thick-
ness of the normal human cornea were analyzed in [13]. Collagen in the central
8 mm shows a strong orthogonal alignment, along the SI and NT directions, but only
in deeper stromal regions. The average percentage of total fibers exhibiting the well-
known preferred azimuthal directions was 42% in the posterior third thickness, but
only 22% in the anterior third. This increase in alignment toward the posterior is quite
interesting because it is in clear contrast with the trend of more inclined fibers toward
the anterior. Another aspect of lamellar organization believed to be of mechanical
importance is the interlamellar interaction as a result of interweaving [14]. Inter-
lamellar sliding may be important for describing changes of the mechanical behavior
with aging and the development of pathological situations such as keratoconus and
ectasia after surgical intervention.

In the attempt of characterizing the elastic properties of the stromal tissue, Petsche
etal. [15] found that the shear modulus is two to three orders of magnitude inferior to
the tensile moduli, commonly measured and reported in the literature. They observed
that the transverse shear stiffness of the cornea varies with the depth, and the shear
stiffness of the anterior cornea is almost one order of magnitude greater than that
the one of the posterior cornea. It was hypothesized that the inclination of lamellae
in the anterior cornea and the decreasing degree of inclination with depth must be
responsible for the measured depth dependent transverse shear properties, because
the density of the collagen does not vary markedly with depth.

The well-documented limbal collagen annulus circumscribing the human cornea
is located in the posterior third of the limbus thickness, according to the observations
documented in [13], while the arrangement becomes less unidirectional in proxim-
ity to the anterior surface of the cornea. In addition to the contribution from the
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dominant direction of fibril alignment, the different mechanical properties of the
peripheral cornea and limbus with respect to the central tissue are influenced by the
increment in both the size of the collagen fibrils and the number of lamellae [16].

Electron microscopy and X-ray scattering patterns obtained by using synchrotron
radiation source have provided very important information about the anisotropic
arrangements of collagen lamellae through the whole stroma in different regions
of the cornea. Nevertheless, both techniques require tissue fixation preventing any
in-vivo mechanical assays. More recently, SHG microscopy has proven to be an effi-
cient tool for obtaining virtual biopsies in unstained fresh corneas, and introduce the
viability of constructing patient-specific models.

To date, patient-specific models of the collagen architecture of the human cornea
are not available and are not used directly in clinical applications, although advanced
models that account for the details of the corneal collagen architecture have been
around for a while [5, 6, 17-25]. Several investigations have pointed out that any
material point within the cornea will have a unique lamellar orientation distribution;
precise symmetry in the distributions over corneal quadrants is not observed in gen-
eral, and realistic modeling cannot assume such symmetry. This is true especially
when distributions associated with pathological conditions are modelled. Petsche
and Pinsky [26] introduced a corneal model where the collagen orientation was taken
directly from X-ray diffraction measurements on a single, full thickness, cornea.
Incorporating the X-ray diffraction data describes the anisotropy resulting from the
well documented SI and NT preferred directions of lamellae in the vicinity of the
corneal vertex as well as the circumferentially preferred orientations at the limbus.
The model in [26] included 3D lamella orientations and inclinations in the view
to explain the depth-dependent shear stiffness properties and to fully characterize
the mechanics of inclined lamellae. A microstructural model proposed in Studer
et al. [27] first accounted for some interlamellar effects by including, in their formu-
lation, ad hoc cross-link fibers perpendicular to the lamellar directions but without
depth dependence.

Beside exhaustive information on the geometry of eye and on the microstructure
of the stroma [28], a patient-specific numerical model of the cornea requires the real-
istic characterization of the mechanical properties of the materials [29]. Mechanical
properties cannot be simply determined through optical imaging, but it is necessary
to setup a protocol of in-vivo static and dynamic tests, thought and carried on in
a concerted manner, to allow the identification of the material model. Tests must
be combined with identification procedures based on inverse analysis, that, simu-
lating the experimental tests, will provide the best estimate of the sought material
properties.

An important question emerging in the definition of a numerical model of the
cornea—a model obviously predictive in the view of applications in surgical
practice—concerns the ability of a mechanical test to spring out the micromechan-
ical characteristics of the cornea. In spite of several studies recently published, the
mechanical consequences of specific collagen architectures have not been investi-
gated sufficiently in the literature, especially in terms of overall configurations; in
general only global averaged quantities are provided. Often, comparisons with in-



The Influence of the Collagen Architecture... 341

vivo experiments have been limited to a component of displacement, or a displace-
ment profile [30, 31]; with a few exceptions [20, 32], no documentation of the stress
level observed in the numerical simulations is reported, thus a comparison between
the performance of different models is hardly possible.

In the following, we present a numerical study conducted with the aim of compar-
ing the mechanical response of different collagen architectures in a model of human
cornea undergoing in-vivo static and dynamic tests. For the sake of simplicity, we
use a model of the cornea that we have been developing in-house, and consider a
patient-specific geometry acquired with a corneal topographer and already used in
previous studies [28, 31, 33].

3 Material and Methods

The finite element method has been widely used for modeling the behavior of the
cornea, under static and dynamic conditions [6, 17, 19, 21-23, 25]. In the last
decade we have been developing an ad-hoc finite element code [6, 20, 28, 32,
34] with the following distinguished features: (i) patient-specific geometries directly
derived from corneal topographies; (ii) stochastic fiber distributed material models,
to describe the complex architecture of reinforcing collagen fibrils in the stromal tis-
sue; (iii) automatic identification of the stress-free configuration of the cornea; (iv)
customization of the main material parameters of the cornea on the basis of diagnos-
tic measurements.

3.1 Geometrical and Material Model

Patient-specific geometries of the cornea, constructed using an ad hoc software from
sets of anterior and posterior corneal surface coordinates supplied by ocular topog-
rapher (Sirius, CSO, Italy) [28], are automatically discretized at the desired level of
refinement in standard finite elements, e.g., 8-node bricks with linear interpolation
of the displacements, see Fig. 1. The knowledge of the physiologic geometry of the
cornea is not sufficient to create a patient-specific numerical model. The topogra-
pher images refer to the cornea reacting to the intraocular pressure (IOP) exerted
by the filling gels. A correct stress analysis requires the recovery of the stress-free
configuration, corresponding to a null IOP. The automatic procedure that allows for
the recovery of the stress-free configuration is described in [28].

Necessarily, the model has several limitations. It accounts only for the main cen-
tral layer (stroma) of the cornea and disregards the thin anterior and posterior mem-
branes, known to provide negligible contributions to the mechanical stiffness of the
cornea. The geometrical model does not include the adjacent biological tissues, i.e.,
the white sclera and the iris, which are accounted for in terms of compliant bound-
aries at the limbus [32]. Adjacent tissues are not included because of the lack of
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Fig. 1 Patient specific finite element model of the cornea. The mesh comprises 7,350 nodes and
5,780 8-node elements. The geometry refers to the stress-free configuration of a corneal topography
already used in previous studies [28], with a finer finite element discretization

knowledge of their in-vivo mechanical characteristics, to avoid uncertainties larger
than the ones introduced by the exclusion of such parts. As explained in [20], a rea-
sonable choice of the cornea boundary conditions narrows the effects of these defi-
ciencies. Finally, the model does not account explicitly for the interaction between
the deformable cornea and the ocular fluid (aqueous humor) filling the anterior cham-
ber. Fluids may play a role in a dynamic test, because they interact with the posterior
surface of the moving cornea. While we are currently developing a numerical algo-
rithm of fluid-solid interaction to analyze the problem with more accuracy [35], we
account here for the presence of the fluid in a simplified way, by adding extra masses
to the posterior nodes of the discretized cornea, cf. [33].

The material model adopted for the stroma is hyperelastic and anisotropic,
accounting for statistically distributed sets of collagen fibrils with a second order
approximation, and able to switch from fully 3D [36] to planar [37] von Mises type
distributions of the orientation of the fibrils, described by a coefficient b. In keep-
ing with approaches typically adopted in the modelling of biomaterials, the behavior
of the proteoglycan matrix and of the reinforcing collagen fibrils is modeled sepa-
rately. Thus, the strain energy density function ¥ is assumed to be the sum of three
independent contributions with full separation of the arguments:

V= y,vol(‘[) + gliso(il’ 72) + Taniso(IIM)' (1)
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The term ¥, | accounts for the volumetric elastic response and depends on the Jaco-
bian J = det F, where F = 0x/0X is the deformation gradient. ¥, is regarded as a
penalty term to enforce the incompressibility constraint and has the operative form

Vi) = K = 1=2logJ), @)

where K is a stiffness coefficient related to the bulk modulus. The term ¥, describes
the behavior of the isotropic components of the material, and depends on the first and

second invariants, I 1 and I, (see Appendix) of the isochoric Cauchy-Green deforma-

tion tensor C = F F, with F = J-/ 3F, according to Mooney-Rivlin’s model

WioT,. 1) = —#1(11 -3+ #2(12 3), (3)
where y = y; + p, is the shear modulus of the material. The term ¥,;,, addresses
the anisotropic contribution of two statistically dispersed families of collagen fibrils.
The M fibril family is defined in terms of a unit vector field, a,,(x), that identifies
the dominant orientation of the fibrils, and by a dispersion coefficient b(x), cf. [32].

The anisotropic strain energy function ¥,;,, used in the model is

2

k,
W, ol K = Z T [kz( 1)2] (1 +K;10'124M>, @)

where k is a stiffness parameter for fibrils in moderate extension, and k, is a dimen-
sionless rigidity parameter that describes the behavior of fibrils in large extension.
The expression of the variables I}, and K}, in Eq. (4), that describes the dispersion
of the fibrils in both 3D and planar distribution, is reported in Appendix. The mater-
ial model is characterized by five parameters: the bulk modulus K, two shear moduli
u; and p, for the Mooney-Rivlin model, the fibril stiffness &, and the fibril rigidity
k,. The set of elastic material properties calibrated for the patient group in [28] is
used also in the present study, see Table 1.

Here we restrict our attention to the collagen architecture of the cornea and to the
way the different features recently pointed out by the research in the field are affecting
the mechanical response of the cornea. The simulations illustrated here make use of a
reference model (baseline) for the internal structure of the collagen fiber distribution,
describing an architecture of the fibrils which is in line with X-ray imaging on ex-
vivo corneas [12, 38], presenting different levels of the dispersion parameter b(x)
in different locations of the cornea. Fibrils are strongly aligned at the center, where
they follow an orthogonal organization in the NT and SI directions; at the periphery
fibrils are mostly aligned to the limbus circumference, see Fig. 2, cf. [28, 32]. In
the baseline model, a fully 3D dispersion model of the fibrils is considered, with no
variations across the thickness.



344

A. Pandolfi

Table 1 Material parameters used in the present study, cf. [28]

Model K [MPa] | u, Hy k; [MPa] ky b p
[MPa] |[MPa] [kg/m3]
Baseline | 5.5 0.06 —0.01 0.04 200 0.2-2.8 1,062
(in plane)
ST 5.5 0.06 —0.01 0.0091-0.091 | 36—-360 | 0.2-2.8 1,062
(in plane)
SL 5.5 0.06 —0.01 0.0091-0.091 | 36-360 | 0.2-2.8 1,062
(in plane)
DT 5.5 0.06 —0.01 0.04 200 0.2-2.8 1,062
(thickness)
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Fig. 2 a Structure of the fibril organization within the cornea, cf. [12, 38]. S denotes the superior
point, I the inferior point, N the nasal point and T the temporal point. b Main orientation of the fibrils
assumed in the numerical model. In the central region, the two sets of fibrils have an equivalent
stiffness. In the limbial region, the two sets of fibers may have a different stiffness

In the numerical models considered in this comparative study, we preserve the
orientation of the fibrils described in Fig. 2b, but include variations in the dispersion
and in the stiffness of the two sets of fibers, in order to incorporate more recent
findings and to evaluate their relevance on the global mechanical response of the
cornea. We consider the following three alternative models:

1. Model ST. Variation of the stiffness across the thickness. The stiffness of the
fibrils in the anterior stroma is set 10 times larger than the stiffness of the fibrils
of the posterior stroma, according to the experimental observation reported in

[15].

2. Model SL. Variation of the stiffness and of the dispersion of the fibrils at limbus.
The dispersion of the fibrils at the limbus is varied from b = 0.2 on the anterior
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surface to b = 2.8 in the posterior surface. Moreover, the stiffness parameters of
the fibrils running circumferentially in the deepest one third of the limbal thick-
ness are set 10 times larger than the stiffness parameters of the fibrils oriented
radially, to follow the observation reported in [13].

3. Model DT. Variation of the dispersion of the fibrils across the thickness. We use a
fully 3D von Mises dispersion model, assigning different values of the dispersion
coefficient from the anterior (b,,;, = 0.2) to the posterior (b, = 2.8) surface, as
a simplified trial to reflect the indication reported in [39].

The range of the parameters used in the four model for the numerical analyses are
listed in Table 1.

3.2 Static and Dynamic Analysis

In the view of future clinical applications, the comparison between the four different
models is achieved through the simulation of two in-vivo mechanical contact and
contactless tests. Mechanical tests induce an important deformation localized at the
center of the cornea, without damaging its delicate tissues. Simulations require to
conduct an initial static analysis, to attain a stress state corresponding to the condition
of the cornea under the action of the physiological IOP, which in this calculation is set
16 mmHg = 2.13 kPa. The boundary conditions imposed to the nodes at the limbus
allow for the rotation of the cornea about the limbus circumference, optimizing the
difference between the current model and a model that includes limbus and sclera,
see [20].

Once the physiological state has been reached, the static or dynamic test begins.
For the static test, we model the action of an optomechanical testing device [40]
which applies a mechanical probe at the corneal apex. The loading procedure con-
sists in advancing the mechanical probe in six steps of 100 ym into the cornea. The
probe is a 0.5 mm diameter cylindrical indenter with a hemispherical tip [15]. Static
analysis are conducted with an explicit solver.

For the dynamic test, we model the action of a contactless ocular tonometer
(CorVis ST) that induces a motion of the cornea with a localized air jet. The sud-
den pulse exerted by the instrument causes the inwards motion of the cornea, which
passes through an applanation, and successively snaps into a slight concavity. When
the air pulse pressure decreases, the elastic corneal tissue recovers the original con-
figuration, passing through a second applanation. Although the actual space and time
profile of the air jet pressure and its maximum value are not provided by the instru-
ment, the imprint of the air jet on the anterior corneal surface has been estimated,
through preliminary parametric analyses, using an analytical expression [31]. The
air jet pressure is applied over a 1.5 mm radius circular area centered at the apex of
the cornea. The pressure has the functional form
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2
p(t,r) = pyexp [—64 (% - %) ] exp (—0.44r2) 5)

where p, = 40 kPa is the maximum air jet pressure, 7'/2 = 20 ms the duration of the
air jet, and r the distance in mm from the center of the jet of a point on the corneal
surface, cf. [31]. Note that the dynamical test is not correctly modelled, since the
presence of the fluids filling the anterior chamber of the eye has been disregarded
for the sake of simplicity. Since the effect of the fluid-structure interaction is not
accounted for, the analysis is not able to describe the final part of the test, where
a delay in the motion of the cornea is observed due to the presence of the fluid.
As already mentioned, this issue is currently tackled in a parallel work [35]. The
dynamical analysis is conducted with a central difference time stepping algorithm.

Prior to conduct the numerical tests, the stress-free configuration for the four mod-
els case has been identified through the iterative procedure described in [32]. The
stress-free geometry has been used subsequently for the quasistatic and dynamic
analysis.

Before conducting the simulation of the two in-vivo mechanical tests, we simu-
lated an ideal inflation test, where the cornea is loaded with a growing IOP from 0
to 40 mmHg.

4 Results

Figure 3 shows the results of the ideal inflation test for the four models, in terms
of IOP versus the displacement of the cornea apex. The curves superpose well to
the baseline curve up to the physiological IOP (16 mmHg), revealing a maximum
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Fig.3 Inflation test. Force applied to the probe versus apex displacement. The thick line represents
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Fig. 4 Inflation test. Comparison of the anterior and posterior profiles of the cornea at the phys-
iological IOP, along the a Nasal-Temporal meridian (from center to Temporal side); b Superior-
Inferior meridian (from the center of the cornea to the superior edge). Thin lines denote the posterior
and anterior surfaces of the cornea at zero IOP

relative displacement less than 2 ym. The similarity of the response is further high-
lighted in Fig. 4, where the numerically computed corneal profiles along the NT
and SI meridians are compared. Differences between the geometrical configurations
associated to the four models cannot be appreciated. However, at higher IOP the four
curves show marked differences, and are characterized by a stiffer response (ST and
SL models) or a more compliant response (DT model) with respect to the baseline
model, see Fig. 3.

The results of the simulations of quasistatic contact tests are shown in Figs.5
and 6. Figure 5 compares the global mechanical response of the four models in terms
of probe force versus probe displacement, which corresponds to the displacement
of the corneal apex. In the whole range of the imposed displacements, the curves
corresponding to the DT and SL models show a small deviation from the curve of
the baseline model. In particular, the DT model reveals a more compliant behavior,
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requiring a smaller force to reach the final displacement of the probe. Contrariwise,
the SL model is characterized by a stiffer behavior, with a larger force exerted by
the probe. The ST model, instead, does not show marked differences with respect to
the baseline model. The small differences in the mechanical response to the probe
action can be appreciated in Fig. 6, where the corneal profiles along the NT and SI
meridian obtained for the four models are visualized. The more compliant behavior
of the DT model leads to an enhanced deformation in the peripheral zone at 2 mm
from the corneal center; while the stiffer model SL shows a less marked deformation
in the same area.

The results of the simulations of dynamic contactless tests are visualized in Figs. 7
and 8. Figure 7 compares the response of the four models considering the displace-
ment of the corneal apex. Figure 7a shows the time history of the apex displacement
for the four models. Figure 7b shows the mechanical response of the four models in
terms of air jet pressure versus apex displacement. Unlikely the other tests previously
discussed, dynamical tests highlight differences between the models. Figure 8 com-
pares the configuration of the four models in correspondence to the maximum value
of the applied air jet pressure. Note that the maximum displacement is reached at
different times for the four models. The DT model is confirmed as the most compli-
ant, showing a larger displacement at all times, while SL. model confirms the stiffer
behavior already shown in the other tests. The ST model, instead, behaves closely to
the baseline model.
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5 Discussion and Conclusions

The description of the collagen architecture of the stroma in numerical models
that are used to predict the biomechanical behavior of the human cornea has been
object of a vibrant discussion in the last years. Modern diagnostic technologies and
advanced optical instruments have provided accurate information about the organi-
zation of the collagen within the stroma thickness, although a definite physical or
chemical motivation of such peculiar structure has not been found yet. Recent con-
tributions in the literature have been presenting models of the human cornea that
account for the variability of the collagen structure and distribution, see, e.g. [6, 28,
31-33, 41-45].

It is a commonly well accepted and acknowledged opinion that any predictive
numerical model of the cornea, to be used to anticipate the outcomes of refrac-
tive surgery, must be personalized to the particular patient under consideration. This
requires the identification of geometrical and material properties of the cornea by
means of inverse procedures that compare the results of in-vivo tests with the out-
comes of numerical simulations. However, given the nonlinearity of the models and
the large kinematics involved in the tests, the identification procedures provide dif-
ferent values to the mechanical parameters of the cornea, according to the different
material model adopted, see, e.g., [20]. The selection of the most appropriate mate-
rial model, however, is not sufficient to ascertain the correct value of the material
properties, because results may vary according to the model chosen to describe the
underlining collagen structure of the stroma.

For a particular advanced hyperelastic, anisotropic, fiber dispersed based material
model, here we study the response of a cornea model where the collagen microstruc-
ture within the stroma is assumed to vary in different manners across the thickness
and at different locations of the surface. We refer to an advanced model of the human
cornea used in recent works [28, 31, 32], evolution of the original model developed
in [6, 34], and consider three variants, to account for the variability of the stiffness
of the stroma across the thickness (ST model) or in proximity of the limbus (SL
model), and for the different level of dispersion of the collagen across the thickness
(DT model).

We begin by comparing the behavior of the four models considering an ideal
inflation tests, where the cornea undergoes the action of a growing IOP. The inflation
test is the most common simulation conducted in order to compare different material
models, but this simple loading condition is not able to point out at all the differences
between the models at the physiological IOP level, see Figs. 3 and 4. Moreover, the
inflation test is all non-natural, it cannot be performed in-vivo, and thus cannot be
used to characterize the mechanical properties of the cornea.

Next, we simulate a quasistatic mechanical test where a rigid probe, moved in
small steps, indents the center of the cornea. Such a test, although not yet used
routinely in clinical investigations, can be effectively used for the calibration of
the material model of the cornea. The results of the probe test are able to visu-
alize the differences between the four models. Numerical results seem to exclude
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appreciable differences in the mechanical behavior between the baseline model and
the SL model; while the ST and DT models present some difference in the displace-
ment field.

Finally, we simulate the dynamical air puff test, commonly used in the modern
clinical practice. The air jet acts at the center of the cornea for a very short time,
and causes the inward deflection of the cornea in the central region. The mechanical
response of the cornea models is visualized in Figs. 7 and 8. The apex experiences
the larger displacements during the test, thus the plots in Fig. 7 clarify sufficiently
the difference between the four models. The DT and ST models confirm their higher
compliance and higher stiffness, respectively, while the SL model maintains a strong
resemblance with the baseline model. The maximum deflected configurations of
the four models are compared in Fig. 8. The differences between the SL model and
the baseline model appear only in the profile plots, and, interestingly, involve mainly
the posterior surface of the cornea.

In considering the results presented here, it is clear that simple inflation tests are
not able to provide sufficient information about the material parameters that char-
acterize the collagen structure of the cornea. In fact, the particular structure of the
collagen is not activated by the test and the mechanical characterization of the para-
meters may lead to several sets of values. Contrariwise, in-vivo contact and con-
tactless tests are able to activate (although in a non-natural manner) the particular
internal structure of the reinforcing collagen, therefore they might be used to charac-
terize a specific material model. Moreover, between the quasistatic and the dynamic
tests, the air puff tests seems to be superior, in the sense that the amplitude of the
induced displacements in the cornea might be easier to be measured through optical
imaging.

According to the present study, it appears that the relevance of the collagen orga-
nization at the limbus is not very important in terms of mechanical response of the
corneal shell. In fact, among the four models, the SL. model is the closest to the base-
line model in all the numerical simulations. This observation suggests that the main
biomechanical features of the cornea derive from the structure of the collagen in the
optical zone.

The present research has a few drawbacks that we are trying to remove in concur-
rent studies. The most important drawback, that affects only the dynamical tests, is
the absence of the filling fluids, which indeed play an important role in the mechan-
ical response of the system. We are presently developing a coupled fluid-structure
interaction approach, based on meshfree discretazion of the fluid domain, to tackle
this issue [35]. A second drawback is the missing comparison of the stress fields
between the different models. The complexity of the stress fields induced by the
contact and contactless tests requires a heavy manipulation of the numerical results,
that are object of an additional current study.
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Appendix

The first and second invariant of the isochoric Cauchy-Green deformation tensor are
defined as

I,=uC, I,= % [(tr (o tr(Ez)] . 6)

The two pseudo-invariants i* M = 1,2 are defined as

am’
I, =H, : C 7

The structure tensor H,, is defined as
H,, =« I+ (1 -3xy) Ay, A, =a, ®a,, (8)
I being the identity tensor. The scalar parameter k,, depends of the chosen spatial

distribution of the fibrils orientation b,,(x). For 3D distributions characterized by
rotational symmetry it holds [36]

Ky = % /O 4 (©)sin® OO, )

while for planar z-periodic distributions it holds [37]

/2
Ky = l/ p(0)sin’> ©dO . (10)
T J-z)2
The two terms 5
K =kyy +2k5,, (I, —1) (11)
and 5
aiM/:C:(AM(X)AM):C—(HM:C) , (12)

are introduced to include the variance of the fibril orientation distribution in the
material model, see [36].
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