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A B S T R A C T   

The porcine cornea is a standard animal model in ophthalmic research, making its biomechanical character-
ization and modeling important to develop novel treatments such as crosslinking and refractive surgeries. In this 
study, we present a numerical model of the porcine cornea based on experimental measurements that captures 
both the depth dependence and orientation dependence of the mechanical response. The mechanical parameters 
of the established anisotropic hyperelastic material models of Gasser, Holzapfel and Ogden (HGO) and Markert 
were determined using tensile tests. Corneas were cut with a femtosecond laser in the anterior (100 μm), central 
(350 μm), and posterior (600 μm) regions into nasal-temporal, superior-inferior, and diagonal strips of 150 μm 
thickness. These uniformly thick strips were tested at a low speed using a single-axis testing machine. The results 
showed that the corneal mechanical properties remained constant in the anterior half of the cornea regardless of 
orientation, but that the material softened in the posterior layer. These results are consistent with the circular 
orientation of collagen observed in porcine corneas using X-ray scattering. In addition, the parameters obtained 
for the HGO model were able to reproduce the published inflation tests, indicating that it is suitable for simu-
lating the mechanical response of the entire cornea. Such a model constitutes the basis for in silico platforms to 
develop new ophthalmic treatments. In this way, researchers can match their experimental surrogate porcine 
model with a numerical counterpart and validate the prediction of their algorithms in a complete and accessible 
environment.   

1. Introduction 

The first studies in ophthalmology using the porcine eyeball date 
back to the late 1850s (Carter, 1872; Vail, 1956). Whether for the 
development of new instruments, surgical techniques, or grafts, the 
anatomical similarity of the porcine eye to the human eye and its 
availability have proven indispensable to researchers in ophthalmology, 
particularly for the anterior segment of the eye (Sanchez et al., 2011; 
Zeiss, 2013). Understanding corneal biomechanics is critical for any 
procedure that aims to change the shape of the cornea such as refractive 

interventions, or its stiffness, such as in crosslinking (Roberts, 2016). 
Because porcine corneas are commonly used to develop procedures for 
pathologies such as keratoconus, their accurate biomechanical charac-
terization is critical. 

Various methods have been used to quantify the biomechanics of 
porcine corneas, including inflation (Boschetti et al., 2012), shear 
(Hatami-marbini, 2014) (Søndergaard et al., 2013), indentation 
(Ahearne et al., 2007), air puff (Bekesi et al., 2016) or tensile testing 
(Boschetti et al., 2012; Du et al., 2017; Elsheikh, A. et al., 2008; Elsheikh 
et al., 2011; Elsheikh and Alhasso, 2009; Kampmeier et al., 2000; 

* Corresponding author. Freiburgstrasse 3, 3010 Bern, Switzerland. 
E-mail addresses: malavika.nambiar@unibe.ch (M.H. Nambiar), layko.liechti@unibe.ch (L. Liechti), fabian.mueller@ziemergroup.com (F. Müller), werner. 

bernau@ziemergroup.com (W. Bernau), harald.studer@optimo-medical.com (H. Studer), asroy27@yahoo.com (A.S. Roy), theo@seiler.tv (T.G. Seiler), Philippe. 
buechler@unibe.ch (P. Büchler).  

Contents lists available at ScienceDirect 

Experimental Eye Research 

journal homepage: www.elsevier.com/locate/yexer 

https://doi.org/10.1016/j.exer.2022.109266 
Received 7 July 2022; Received in revised form 31 August 2022; Accepted 20 September 2022   

mailto:malavika.nambiar@unibe.ch
mailto:layko.liechti@unibe.ch
mailto:fabian.mueller@ziemergroup.com
mailto:werner.bernau@ziemergroup.com
mailto:werner.bernau@ziemergroup.com
mailto:harald.studer@optimo-medical.com
mailto:asroy27@yahoo.com
mailto:theo@seiler.tv
mailto:Philippe.buechler@unibe.ch
mailto:Philippe.buechler@unibe.ch
www.sciencedirect.com/science/journal/00144835
https://www.elsevier.com/locate/yexer
https://doi.org/10.1016/j.exer.2022.109266
https://doi.org/10.1016/j.exer.2022.109266
https://doi.org/10.1016/j.exer.2022.109266
http://crossmark.crossref.org/dialog/?doi=10.1016/j.exer.2022.109266&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Experimental Eye Research 224 (2022) 109266

2

Wollensak et al., 2003), which is the most popular test. However, the 
biomechanical characterization of porcine corneas showed important 
variations in the stress-strain relationship. For example, the results of 
uniaxial tests vary widely among published studies, with values for 
stress at 10% strain ranging from 0.12 MPa to 1.8 MPa in full-thickness 
corneal strips evaluated in the superior-inferior direction at low strain 
rates ranging from 0.005%/s – 0.16%/s (Boschetti et al., 2012; Elsheikh 
et al., 2008, 2011; Kampmeier et al., 2000; Wollensak et al., 2003). One 
of the factors that may explain this variability is the methods used to 
calculate the stress in the samples: The cross-section of the samples is 
difficult to quantify accurately and varies across the sample, with 
corneal cross-section being larger at the periphery than in the central 
part of the cornea. As a result, the stress values reported in these studies 
are questionable and may explain the large variability in the results. 

While several studies investigated the effect of specimen orientation 
on the biomechanics (Boschetti et al., 2012; Du et al., 2017; Elsheikh 
et al., 2008a; Kampmeier et al., 2000), to our knowledge, there is only 
one study quantifying the depth dependence of the biomechanical 
response of the porcine cornea (Du et al., 2017). This study found no 
difference in nasal-temporal (NT), superior-inferior (SI) or diagonal di-
rections, but a decreasing stiffness over depth, with the anterior segment 
being approximately three times stiffer than the posterior one. However, 
this study measures not only the mechanical response of the stroma but 
also includes the Bowman’s membrane in the anterior region and, the 
Descemet’s membrane and the endothelial layer in the posterior region, 
which likely influences the measured force and stress. However, they 
rightly highlight the need for depth-dependent analysis of porcine 
cornea to truly capture its biomechanical properties. 

Only a few anisotropic mechanical models of the porcine cornea have 
been derived from such experimental studies (Cornaggia et al., 2020; 
Elsheikh et al., 2011; Pandolfi and Boschetti, 2015). While many nu-
merical models exist for the human cornea, numerical modeling of the 
porcine cornea is scarce. The few porcine models available in the liter-
ature describe the stroma with the same collagen fiber arrangement as in 
humans with two orthogonal fiber families (Cornaggia et al., 2020; 
Elsheikh et al., 2011; Pandolfi and Boschetti, 2015). This modeling 
approach contradicts the circular arrangement of a single family of 
collagen in porcine corneas observed in X-ray diffraction analyzes 
(Hayes et al., 2007). 

Therefore, this study aims to characterize the mechanical properties 
of porcine stroma at different orientations and depths, and to determine 
the mechanical parameters of a nonlinear, anisotropic mechanical 
model. To control sample preparation, strips were cut with a femto-
second laser to ensure uniform geometry and thickness and for a precise 
control of sample depth. Uniaxial tests were performed with hook 
attachment of the samples to avoid squeezing the tissue at the attach-
ment and to allow a more natural contraction of the specimen in the 
plane orthogonal to the tensile force. In addition, we used inverse finite 
element modelling to determine the mechanical properties of the 
constitutive models of the cornea, taking into account the size of the 
specimen, the experimental attachment, as well as the actual change in 
shape of the sample during experimental testing. 

2. Materials and methods 

2.1. Experimental set up 

Forty fresh porcine eyes aged 3–4 months were obtained from the 
local slaughterhouse. Each eye was randomly assigned to one of three 
groups: NT, SI, or diagonal. The diagonal direction could be at +45◦ or 
− 45◦ from the horizontal axis. The entire eyeball was placed in an in- 
house built pressurization device with the cornea facing upward to 
prevent movement during strip cutting with the Femto LDV Z8 Ziemer 
femtosecond laser (Ziemer Ophthalmic Systems AG, Switzerland). Two 
drops of 0.5% hyaluronic acid were administered on the cornea and then 
rinsed with water. The laser handpiece was then centered on the cornea 

using the OCT integrated in the Femto LDV Z8 device. The OCT was also 
used to ensure that the total corneal thickness remained greater than 
750 μm to avoid perforations, thinner corneas were excluded from the 
study. For each eye, three strips 8 mm long and 3.5 mm wide were cut in 
the desired corneal orientations. These strips were cut at depths of 
alternating 100 μm and 150 μm. In this way, samples with a thickness of 
150 μm were obtained at a depth of 100 μm (D1), 350 μm (D2) and 600 
μm (D3) in NT, SI, and diagonal directions, measured from the top 
surface of the strip. They were individually preserved and tested in a 
hydration preserving culture media containing 5% Dextran (Fig. 1) 
(Hamon et al., 2021). 

The strips were uniaxially tested in less than 10 h after collection in a 
bath containing the same culture media using the Ustretch device 
(CellScale, Waterloo, Canada), at room temperature. The tissue was pre- 
stretched with a small force of 20 mN to ensure uniform tension across 
the samples. The samples were then loaded with 6 cycles at a strain rate 
of 0.75%/s. The last cycle of force displacement data was recorded for 
analysis; as the mechanical response of the tissue stabilized after the fifth 
cycle of preconditioning. The strain rate was chosen after a preliminary 
study showing only marginal changes in the force/displacement rela-
tionship up to a rate of 0.75%/s, which allows to minimize viscous effect 
while limiting the test duration. The specimens were tested up to a strain 
of 13%, which is consistent with previous experiments (Boschetti et al., 
2012; Elsheikh et al., 2008, 2011; Wollensak et al., 2003). The force 
displacement data was used for numerical modelling and statistical 
analysis. To calculate the strain the true length of the sample was 
considered: The distance between the grips was 5.5 mm, but this dis-
tance increases under the pre-stretch 20 mN because of the effects of 
both the tensioning of the testing device and the deformation of the 
sample. To distinguish the two effects and calculate the strain in the 
sample, the reference length of the sample was calculated using the 
slope of the force-displacement curve at 20 mN and extrapolating it to 
determine the length corresponding to a force of 0 mN (Fig. 2). The 
strain was then calculated as the ratio of extension to this reference 
length of the sample. 

2.2. Statistical methods 

Statistical analysis was performed using a mixed model effect on 
RStudio (RStudio Team, 2022), with depth and orientation as the fixed 
parameters, samples as a random variable, and the measured force as the 
dependent variable. A one-way ANOVA was performed on each depth 
group to analyze the difference between orientations. 

2.3. Finite element model 

The finite element model has the same geometry and boundary 
conditions as the experimental setup (Fig. 3). The hook attachment 
points were modelled as three holes with a diameter of 0.25 mm and 

Fig. 1. The strips were tested under traction in a bath of MEM + 5% Dextran 
using BioRake attachments. 

M.H. Nambiar et al.                                                                                                                                                                                                                            



Experimental Eye Research 224 (2022) 109266

3

with a distance of 0.7 mm between their centers. Boundary conditions 
were applied to the attachment holes: The model was fixed on one side, 
while a displacement was imposed on the opposite side. On the fixed 
side, the central hole was encastered, and the outer holes were fixed only 
in the direction of traction. On the moving side, the surface of the holes 
was coupled to a reference point to which the experimentally measured 
displacement was applied, while allowing for lateral contraction 
(Fig. 3). The model was meshed with approximately 600 s-order hex-
ahedral elements. 

The mechanical behavior of the stroma was described using two 
nonlinear, hyperelastic, incompressible constitutive models. To account 
for the different dispersion of collagen fibers in the plane of the cornea 
and out of this plane, the general structure tensor proposed by Holzapfel 
et al. (Gasser et al., 2006; Holzapfel et al., 2000) was used (1). As the 
material was assumed incompressible, the deformation was described 
using invariants of the isochoric Cauchy green strain tensor C =

J2/3FTF, where Fis the deformation gradient tensor and J = det F is the 
volumetric ratio. The strain-energy function describing the mechanical 
behavior is based on the strain invariants I1 and I4, defined as follows: 

I1 = Tr C
I4 = (H ⊗ H) : C  

H= 2κoκiI+ 2κo(1 − 2κi)(M ⊗M) + (1 − 2κo − 2κoκi)(Mn ⊗Mn) (1)  

Where M is a vector describing the mean fiber direction and Mn is the 

out-of-plane direction. The parameters κi ∈ [0, 1] and κo ∈ [0,
1 /2]quantify the in-plane and out-of-plane fiber dispersion. 

The material behavior was described using the anisotropic model of 
Gasser, Holzapfel, and Ogden (Gasser et al., 2015; Holzapfel et al., 2000) 
(2), and the model proposed by Markert et al. (2005) (3). These two 
models have been chosen because they are frequently used to model the 
cornea (Ariza-Gracia et al., 2017; Pandolfi and Manganiello, 2006; 
Studer et al., 2010, 2013; Wang and Hatami-Marbini, 2021; Whitford 
et al., 2015, 2018). 

U = C10(I1 − 3) +
k1

2k2

{
exp

[
k2(I4 − 1)2]

− 1
}

(2)  

U = C10(I1 − 3)+
μ
γ

(
Iγ/2

4 − 1
)
− μ ln I1/2

4 (3)  

where C 10, k1, k2, μ and γ are material parameters and U is the strain 
energy. Collagen fibers were modelled with a circular orientation. Both 
material models were implemented in a user-defined subroutine 
(UMAT) in the commercial finite element solver ABAQUS (Dassault 
Systemes Simulia Corp, 2020). 

An inverse finite element approach was used to determine the ma-
terial parameters using the force displacement data. In both models, the 
in-plane fiber dispersion parameter, κi was set to 0.454 based on the X- 
ray scattering data of Hayes et al. (2007). This calculation was per-
formed by taking the integral of the normal distribution that best fit the 
X-ray scatter intensity. The other material parameters were obtained by 
simultaneously fitting the numerical model to the average 
force-displacement of the 9 sets of experimental data, corresponding to 
the three depths and three orientations. The parameters k1 and μ were 
assumed to be different for the deeper layer D3, resulting in a total of 5 
parameters for each model: C10, k1,d12, k1,d3, k2, κo for the HGO model, 
and C10, μd12, μd3, γ, κo for the Markert model. A Bayesian optimization 
process was used to identify the material parameters that best fit the 
experimental data using the average root mean squared distance be-
tween the numerical and experimental data as the loss function. 

To validate the determined material parameters, a finite element 
model was created to reproduce inflation tests from the literature 
(Elsheikh et al., 2008b). Due to the lack of specific geometry data, the 
geometry of an average porcine cornea was chosen for the numerical 
model (Menduni et al., 2018). The inflation model was constructed with 
depth dependence to remain consistent with the identified material 
models. For this purpose, the posterior third of the cornea was assigned 
k1d3 and μd3 to the Holzapfel and Markert models, respectively, and all 
other parameters were set constant for all layers. The model was fixed at 
the limbus to represent experimental conditions and meshed with 
approximately 60,000 quadratic tetrahedral elements. Apical displace-
ment was plotted as a function of posterior pressure up to 160 mmHg for 
comparison with experimental data. 

3. Results 

120 strips were cut from the 40 porcine eyes. Thirty-four of the strips 
were excluded from the analysis, bringing the total number of samples 
for all groups to 86. The main reason for exclusion was damage to the 
sample – usually around the attachment – or loosening at the attachment 
points. At least eight samples were available in each group (Table 1). 

The force-displacement response under uniaxial measurement was 

Fig. 2. The reference length of the specimen was determined by extrapolating 
the tangent to the force-displacement measurement to zero force. 

Fig. 3. Finite element model of the strip used to determine its mechanical 
properties. It shows the boundary conditions applied to the model and an 
example of the distribution of the main direction of anisotropy. 

Table 1 
Number of samples tested in each depth and orientation.   

D1 D2 D3 Total 

NT 8 9 9 26 
SI 8 11 12 31 
Diagonal 9 11 9 29 
Total 25 31 30 86  
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determined for the three orientations at different depths. Besides the 
typical nonlinear force-displacement relationship, our results showed 
that the properties of the stroma remain constant in D1 and D2 but 
decrease in the most posterior stromal layer D3. At 12% strain, D1 and 
D3 show a significant difference (p < 0.001), as do D2 and D3 (p <
0.001). Moreover, the properties in D1 and D2 were similar across the 
different orientation (p = 0.504), but the SI direction showed higher 
force than the other directions in the posterior layer D3 (p < 0.0001 and 
p = 0.049 when compared to diagonal and NT, respectively) (Fig. 4). 

The force was also evaluated at different strain levels (Table 2). As 
the strain increases, there is a trend for the difference in force between 
D1-D2 groups to decrease, while always being significantly higher for 
groups D1 and D2 than D3 (p < 0.001). This trend was opposite for the 
effect of the strip orientation on the force: The differences in measured 
force for the different orientations increases with strain. 

After optimization of the mechanical parameters, both the HGO and 
Markert models showed good agreement with the experimental data 
(Fig. 5). The parameters obtained for the models are listed in Table 3. 
Both models provided a similar value below 50 kPa for C10, which 
characterizes the part of the models that describes the matrix. Equally 
interesting was the agreement in depth dependence in the D3 group, 
where the linear part of the fiber contribution for both models (k1 and 
μ1 for the HGO and Markert models, respectively) was approximately 
divided by two for the posterior cornea D3 compared with the anterior 
layers D1 and D2. While the in-plane dispersion of the fibers was set to a 
value of 0.45 based on the X-ray diffraction data of Hayes et al. (2007), 
the value of the out-of-plane dispersion was optimized and both models 
resulted in a value of approximately 0.37. This value corresponds to a 
fairly strong in-plane alignment. Although the values appear similar, the 
distribution corresponding to each of these values is quite different 
(Fig. 6d). The main fiber direction follows a circular alignment around 
the direction of the visual axis. Defining a local coordinate system in 
which the x-axis is defined by the fiber orientation and the y-axis points 
to the center of the cornea and the z-axis perpendicular to the corneal 
surface (Fig. 6c), our results show that the fibers are more aligned (lower 
dispersion) in the plane perpendicular to the fiber curvature (x-z) than in 
the plane perpendicular to the cornea (x-y) (Fig. 6a & b). Mechanically, 
this means that the fibers are approximately organized in layers of 
relatively isotropic fibers across the corneal thickness, with alignment 
along the x-axis predominating. 

The inflation model developed to validate the material models 
showed good agreement between the simulation with the identified 

parameters and the experiments for the HGO model. However, the 
Markert material model could not reproduce the experimental results 
(Fig. 7). 

4. Discussion 

The objective of this study was to develop a numerical model of the 
porcine cornea based on experimental uniaxial test data obtained across 
the depth of the porcine stroma. The biomechanics of porcine corneas 
was quantified by uniaxial testing at three depths and in three di-
rections. These experimental data were used to determine the parame-
ters of two nonlinear, anisotropic mechanical models. Our results 
showed lower stiffness in the posterior part of the cornea. Moreover, the 
mechanical behaviour of porcine cornea was essentially independent of 
its orientation in the anterior layers. Only the most posterior layer 
showed a dependence on orientation with a stiffer response in the SI 
direction compared with the DI and NT directions. Our experimental 
and numerical results support the idea of a circumferential orientation 
of the collagen in the anterior part of the cornea, whereas a slightly 
elliptical alignment towards the SI direction applies to the posterior 
cornea. 

Although the porcine cornea is a widely accepted model to replace 
human tissue for ex vivo testing, its mechanical characterization re-
mains inconsistent. In the existing literature, results differ even on 
crucial aspects such as the dependence of corneal mechanical response 
on orientation. Some authors present the SI direction as stiffer than NT 
(Boschetti et al., 2012; Elsheikh, A. et al., 2008), other studies found no 
difference between these two orientations but reported higher stiffness 
for the diagonal direction (Elsheikh and Alhasso, 2009), and some re-
ported the same response for all test directions (Du et al., 2017). One 
possible explanation for this variability is that porcine corneas show 
only weak dependence on the orientation of the strip cut radially into 
the cornea. This hypothesis is consistent with our results, which showed 
little dependence of mechanical properties on orientation. It should be 
noted that this does not mean that porcine cornea is an isotropic ma-
terial, but rather that its anisotropic behavior cannot be captured by the 
test method used in these studies. In fact, the results of this study are 
consistent with predominant circular orientation of collagen fibers 
proposed by Hayes et al. based on X-ray scattering measurements. 

To date, little attention has been paid to the depth variation of me-
chanical properties. To our knowledge, only one study has investigated 
biomechanical properties using strips manually cut at three depths in 
porcine corneas (Du et al., 2017). While their results are consistent with 
our observation of a weaker posterior cornea, they also reported that the 
foremost layer was approximately twice as stiff as the central cornea. 
One possible reason for this difference is the different positioning of the 
samples in the depth of the cornea: Our specimens were located slightly 
more anteriorly, which could make them less susceptible to having their 
stiffness reduced by swelling that primarily affects the posterior side of 
the cornea. In addition, when cutting the strips manually, it is more 
difficult to precisely control their position and ensure a constant and 
uniform thickness than when cutting them with a femtosecond laser. In 
the present study, we took care to include only stromal tissue in the strip 
by using OCT imaging to determine the position of the strips within the 
cornea. 

Previous experimental studies calculate the stress in the specimen as 
the measured force divided by the cross-section of the sample rather 
than relying on inverse finite element simulations. Using this approach 
with our experimental results, considering a cross-section of 0.15 mm ×
1.56 mm (thickness x distance between the rakes), the stresses calcu-
lated in this study are within the range of those in the literature 
(Elsheikh et al., 2011; Elsheikh and Alhasso, 2009; Kampmeier et al., 
2000; Wollensak et al., 2003). 

In the last two decades, numerical techniques such as finite element 
analysis have become increasingly popular to study corneal diseases or 
predict the outcome of surgical techniques (Nejad et al., 2014; Studer 

Fig. 4. Force (N) reported at 12% strain across the three depths (D1, D2 and 
D3) and three orientations (SI, NT and Diagonal) with significant differ-
ences indicated. 
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et al., 2010, 2013). However, little attention has been paid to numerical 
modeling of porcine corneas. The few numerical studies assume a 
collagen arrangement identical to that of human tissue based on two 

orthogonal fiber families (Cornaggia et al., 2020; Pandolfi and Boschetti, 
2015). Both authors justified their choice by the lack of data, despite the 
circular arrangement observed by X-ray diffraction. In contrast, the 

Table 2 
Statistical comparison of the stress measured for samples at different depth and orientations, reported for different level of stain.  

Groups p-value 

6% strain 8% strain 10% strain 12% strain 

D1-D2 0.004 ** 0.047 * 0.440  0.504  
D2-D3 <0.001 *** <0.001 *** <0.001 *** <0.001 *** 
D1-D3 <0.001 *** <0.001 *** <0.001 *** <0.001 *** 
SI- NT 0.786  0.387  0.001 ** 0.049 * 
NT- Diagonal 0.131  0.074  0.161  0.081  
SI – Diagonal 0.064  0.006 ** 0.073  0.002 ***  

Fig. 5. Force-displacement relationship for the three different orientations (columns) and three depths (rows). The shaded area represents the experimental data 
(mean ± sd). The result of the numerical optimization is shown for the HGO (red) and Markert models (yellow). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 

Table 3 
Parameters of the two material models identified using the experimental data.   

C10 (MPa) k1d1,2 (MPa) k1d3 (MPa) k2 (− )  
μd1,2(MPa)  μd3(MPa)  γ(− ) 

κi κo 

HGO 0.046 103.5 57 149.5 – – – 0.45 0.37 
Markert 0.046 – – – 11.4 6.5 33.7 0.45 0.36  
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numerical model in this study, assumes a circular collagen alignment. To 
the best of our knowledge, this is the first numerical study to use a fiber 
alignment that is compatible with both, x-ray diffraction measurements 
(Hayes et al., 2007) and experimental data collected on strips tested in 
different orientations. This difference in collagen arrangement and the 
fact that previous studies considered the same in-plane and out-of-plane 
fiber distribution prevent a direct comparison of the parameter values of 
the mechanical models with similar models in the literature (Elsheikh 
et al., 2011). 

Unlike human tissue, imaging data are lacking to understand the 
depth dependence of fiber dispersion in porcine corneas. Therefore, it is 
difficult to attribute the change in mechanical response to a specific 

microstructural component: It may be due to either a change in fiber 
dispersion or fiber density with depth. This study considers only the 
depth-dependent fiber density and to exclude the depth variation from 
the parameter identification in order to minimize the number of pa-
rameters to be identified and thus to avoid local minima in the optimi-
zation procedure. 

Using the depth-dependent HGO parameters obtained in this study, 
we modelled an average porcine cornea under inflation loading and 
found that the numerical model showed good agreement with published 
experimental data (Elsheikh et al., 2008b) (Fig. 7). This result confirms 
the validity of the mechanical description of the cornea using the HGO 
model and the parameters determined in this study. However, the 
Markert model obtained in this study could not reproduce the inflation 
experiment (Fig. 7). This suggests that additional experimental testing is 
needed to calibrate this model under typical loading conditions such as 
biaxial or shear. Additional load cases could also help improve the HGO 
model, which seems to slightly overestimate the stress reported at the 
low strain of the inflation test. 

In contrast to isotropic materials, the stress-strain relationship 
derived from uniaxial testing of anisotropic materials is likely to depend 
on the dimensions of the test specimen. In particular, the circular 
arrangement of collagen fibers in porcine corneas leads to different 
mechanical responses as a function of specimen length and width: strips 
with a larger width-to-length ratio recruit more fibers in tension than 
strips with smaller dimensions. Even when considering a purely uniaxial 
test condition using finite element simulations based on the identified 
HGO material model, the size of the specimen leads to important vari-
ations in the first Piola-Kirchoff stress calculated as the tensile force 
divided by the undeformed cross-section of the sample, which is 
consistent with the calculation of stress from experimental data in the 
literature (Fig. 8). The fact that the relationship between stress and 
strain depends on the dimensions of the tested specimen has not been 
previously considered and means that numerical modeling and inverse 
parameter identification are required to properly characterize the me-
chanical response of this fiber-reinforced material. Inverse parameter 
identification based on finite element simulation offers a unique 
advantage: since this approach takes into account the actual testing 
environment, it is not affected by varying cross-section of the specimen, 
its aspect ratio (which affects the mechanical simulation in the case of 
anisotropic material), or boundary conditions. 

Fig. 6. Graphical representation of [a] in-plane (κi = 0.45) and [b] out-of-plane (κo = 0.37) dispersion on the contour of a cornea as seen from the top view and front 
view respectively, [c] 3D view of the dispersion. [d] The probability distribution of the κiand κofiber dispersion along the direction of fiber alignment. 

Fig. 7. Comparison of the numerical model identified in this study with 
experimental inflation data(Elsheikh et al., 2008b). The experimentally deter-
mined IOP as a function of apical displacement (black) is compared with the 
numerical simulation performed with the depth- and orientation-dependent 
mechanical properties determined in this study for the HGO (Holzapfel et al., 
2000) (red) and Markert (Markert et al., 2005) (yellow) models. (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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While the in-plane dispersion of the fibers was determined by the X- 
ray scattering data allowing this parameter to be fixed during optimi-
zation, the out-of-plane dispersion could not be quantified from that 
study and was therefore included in the optimization process. Overall, 
both in-plane and out-of-plane dispersion showed a contribution from 
isotropic fibers. Nevertheless, it is interesting to observe that the 
resulting out-of-plane dispersion corresponds to fibers approximately 
following the curvature of the cornea, while the in-plane dispersion 
represents a circular alignment of fibers in the plane of the cornea with a 
stronger isotropic contribution (Fig. 6). These results also showed the 
importance of considering both dispersions, rather than assuming a 
completely symmetry dispersion of fibers about the main direction of 
anisotropy. The important isotropic fiber dispersion also means that the 
fibers make a relevant contribution to the force measured in this uniaxial 
measurement, even if the predominantly circular fiber direction is 
perpendicular to the test direction. In fact, Hayes et al. classified a sig-
nificant portion of the diffraction signal as isotropic scattering from 
corneal collagen, which provides a mechanical response for all test di-
rections and suggests that our test method may be testing the more 
randomly oriented collagen fibers of the cornea. Circumferential sam-
ples taken from the periphery of the cornea could provide more infor-
mation on the effects of fiber orientation on the mechanical response. 

Despite the promising results, we are aware of the limitations of this 
study. The first 100 μm of the cornea are discarded in the testing pro-
tocol because they contain the epithelial layer, which makes no me-
chanical contribution. Recently, porcine corneas were also found to 
contain a Bowman membrane in this discarded anterior layer (Ham-
mond et al., 2020). However, it has been reported that the Bowman 
membrane in humans has only a marginal effect on the mechanical 
response of the stroma (Kling et al., 2020; Torres-Netto et al., 2021), and 
because the thickness of the Bowman membrane in pigs is about 10 
times thinner, we can assume that its mechanical contribution in pig 
corneas is also negligible. Therefore, it can be assumed that the tissue of 
the anterior layer that was discarded does not make a relevant me-
chanical contribution, and it is therefore acceptable to focus the material 
characterization on the corneal stroma. Another limitation relates to the 
sample depth: the three test depths were taken at a fixed distance from 
the anterior cornea in all eyes. Although little swelling was observed in 
our specimen, the testing depth does not correspond to the same pro-
portion of corneal thickness in all samples. However, preparation of the 

sample with a femtosecond laser guarantees uniform thickness of the 
strips, and precise selection of their depth and orientation, ensuring 
reproducibility of measurements and quality of parameter 
identification. 

The strain rate of 0.75%/s used in this study is higher than the low 
strain rate commonly used in the literature (0.13%/s – 0.16%/s) 
(Elsheikh et al., 2011; Kampmeier et al., 2000; Wollensak et al., 2003). 
However, we did not observe any difference in the mechanical response 
after preconditioning the strips, which were tested at strain rates of 
0.16%/s, 0.75%/s, and 1.5%/s. Therefore, in the interest of time, a 
strain rate of 0.75%/s was chosen for these experiments. Another 
important difference from existing studies is the use of BioRake (CellS-
cale, Waterloo, Canada) attachments instead of clamps. This method is 
closer to uniaxial loading because it avoids squeezing the cornea at the 
attachment and allows some lateral contraction of the specimen. This 
aspect is even more critical in this study because the attachment is to a 
thin stromal layer rather than the entire stroma. In addition, finite 
element modeling was used to identify the mechanical parameters from 
the force-displacement measurements. Since these models take into 
account the actual boundary conditions acting on the specimen and its 
progressive deformation during the measurement, these effects have less 
influence on the identified parameters than simply approximating the 
stress as the ratio between the force and the cross-section of the sample 
at the beginning of the measurement. 

5. Conclusion 

This study proposed a model of the porcine cornea based on an 
anisotropic and inhomogeneous mechanical model. Our mechanical 
results confirmed imaging data showing that the porcine cornea is a 
transversely isotropic material in which the fibers are predominantly 
oriented in a circular direction. Moreover, the mechanical properties of 
the stroma remain constant up to the middle of the cornea and then 
decrease posteriorly. The parameters of an identified HGO model were 
also able to reproduce corneal inflation, suggesting that it is suitable for 
simulating the mechanical response of the entire cornea. Our results also 
indicate that caution should be exercised when testing anisotropic soft 
tissues because the size of the specimen affects the stress calculated as 
the ratio of force to cross-section, which means that numerical models 
are needed to compare the results of different experimental studies. Such 
a model constitutes the basis for in silico platforms to develop new 
ophthalmic treatments. In this way, researchers can match their exper-
imental surrogate porcine model with a numerical counterpart and 
validate the prediction of their algorithms in a complete and accessible 
environment. 
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Ariza-Gracia, M., Ortillés Cristóbal, J., Rodríguez Matas, J.F., Calvo, B., 2017. 
A numerical-experimental protocol to characterize corneal tissue with an application 
to predict astigmatic keratotomy surgery. J. Mech. Behav. Biomed. Mater. 74, 
304–314. https://doi.org/10.1016/j.jmbbm.2017.06.017. 

Bekesi, N., Dorronsoro, C., De La Hoz, A., Marcos, S., 2016. Material properties from air 
puff corneal deformation by numerical simulations on model corneas. PLoS One 11. 
https://doi.org/10.1371/journal.pone.0165669. 

Fig. 8. Stress [MPa] and Strain [%] of a pure uniaxial analysis using the 
developed material model tested on different dimension configurations seen as 
‘width X length (mm)’, illustrating highest stress for the largest width to 
length ratio. 

M.H. Nambiar et al.                                                                                                                                                                                                                            

https://doi.org/10.1007/s10439-007-9323-9
https://doi.org/10.1007/s10439-007-9323-9
https://doi.org/10.1016/j.jmbbm.2017.06.017
https://doi.org/10.1371/journal.pone.0165669


Experimental Eye Research 224 (2022) 109266

8

Boschetti, F., Triacca, V., Spinelli, L., Pandolfi, A., 2012. Mechanical characterization of 
porcine corneas. J. Biomech. Eng. 134, 1–9. https://doi.org/10.1115/1.4006089. 

Carter, R.B., 1872. Lectures on operative opthalmic surgery. Lancet 1–3. 
Cornaggia, A., Boschetti, F., Mazzotta, C., Pandolfi, A., 2020. Numerical investigation on 

epi-off crosslinking effects on porcine corneas. Mech. Soft Mater. 2 https://doi.org/ 
10.1007/s42558-020-00030-7. 

Du, R., Tian, H., Xu, X., Shao, Y., Song, F., 2017. Depth-dependent mechanical 
characteristics of porcine cornea. Soft Mater. 15, 27–33. https://doi.org/10.1080/ 
1539445X.2016.1242497. 

Elsheikh, A., Brown, M., Alhasso, D., Rama, P., Campanelli, M., Garway-Heath, D., 
2008a. Experimental assessment of corneal anisotropy. J. Refract. Surg. Off. Publ. 
Int. Soc. Refract. Surg. 24. 

Elsheikh, A., Alhasso, D., 2009. Mechanical anisotropy of porcine cornea and correlation 
with stromal microstructure. Exp. Eye Res. 88, 1084–1091. https://doi.org/ 
10.1016/j.exer.2009.01.010. 

Elsheikh, A., Alhasso, D., Rama, P., 2008b. Biomechanical properties of human and 
porcine corneas. Exp. Eye Res. 86, 783–790. https://doi.org/10.1016/j. 
exer.2008.02.006. 

Elsheikh, A., Kassem, W., Jones, S.W., 2011. Strain-rate sensitivity of porcine and ovine 
corneas. Acta Bioeng. Biomech. 13. 

Gasser, T.C., Ogden, R.W., Holzapfel, G.A., 2015. Modelling non-symmetric collagen 
fibre dispersion in arterial walls. J. R. Soc. Interface 3, 15–35. https://doi.org/ 
10.1098/rsif.2005.0073. 

Gasser, T.C., Ogden, R.W., Holzapfel, G.A., 2006. Hyperelastic modelling of arterial 
layers with distributed collagen fibre orientations. J. R. Soc. Interface 3, 15–35. 
https://doi.org/10.1098/rsif.2005.0073. 

Hammond, G.M., Young, R.D., Muir, D.D., Quantock, A.J., 2020. The microanatomy of 
Bowman’s layer in the cornea of the pig: changes in collagen fibril architecture at the 
corneoscleral limbus. Eur. J. Anat. 24, 399–406. 
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