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Abstract

Objective of the work is to investigate the stress and strain fields that corneal tissue and
donor graft undergo during endothelial keratoplasty. In order to attach the donor graft to
the cornea, different air bubble pressure profiles acting on the graft are considered. This
study is carried out by employing a three-dimensional non-linear finite element (FE)
methodology, combined with a contact algorithm. The ocular tissues are treated as
isotropic, hyper-elastic and incompressible materials. The contact algorithm, based on
the penalty-based node-to-surface approach, is used to model the donor graft-corneal
interface region. The proposed computational methodology is tested against benchmark
data for bending of the plates over a cylinder. The influence of geometrical and material
parameters of the graft on the corneal contact-structural response is investigated. The
results are presented in terms of Von Mises (VM) stress intensity, displacement and
mean contact force. Results clearly indicate that the air bubble pressure plays a key role

in the corneal stress and strain, as well as graft stiffness and thickness.

Keywords: Keratoplasty; Cornea transplantation; Biomechanics; Hyper-elastic

model; Finite element; Contact mechanics

Nomenclature
d = Displacement vector (mm)
e = Tangent vector
E = Young’s Modulus (Pa)
F =  Deformation gradient
f = Contact force (N)
8i = Gap vector (mm)



N = Normal vector
K = Stiffness matrix
K. = Contact stiffness matrix
P =  Bubble pressure (Pa)
Rc = Residual contact forces vector (N)
S = Internal forces vector (N)
T =  External forces vector (N)
t = Traction vector (Pa)
w = dual basis vector
Greek symbols
v = Poisson ratio
€ = penalty parameter (N/mm)
p = density (kg/m’)
K = Penalty number (Pa)
u = Shear modulus (Pa)
o = Cauchy Stress Tensor (Pa)
'4 = Strain Energy function (Pa)

49  Acronyms

AC

DM

Anterior Chamber

Descemet’s Membrane
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VM = Von Mises

Subscripts

p = Projection
S = slave node
max = Maximum

1. Introduction

Corneal transplantation, known as keratoplasty, is a surgical procedure aiming to
replace damaged cornea with healthy donor tissue. It can be used to improve sight,
relieve pain and treat severe uncontrolled corneal infection [Tan et al., 2012]. In
conventional surgical procedures for corneal transplantation, known as Penetrating
Keratoplasty (PK), the whole cornea tissue is replaced with donor tissue. However, with
the advent of sophisticated techniques, like Descemet’s Stripping Automated
Endothelial Keratoplasty (DSAEK) and Descemet’s Membrane Automated Endothelial
Keratoplasty (DMAEK), selective removal of posterior corneal tissue has achieved a
decrease in post-operative complications and improved vision [Stuart et al., 2018;
Parekh et al., 2018; Parekh et al., 2018].

Both DSAEK and DMAEK surgical techniques involve two steps: in the first step,
partial removal of the damaged corneal basement layer, mainly the Descemet’s
Membrane (DM), is carried out while in the second step, a healthy donor DM is
replaced. The thickness of the donor DM is selected by the surgeon based on the
intensity of the damage on the host membrane. The donor DM, often referred to as
graft, is inserted in the Anterior Chamber (AC) of the eye by means of scleral incision,

and attached to the posterior cornea with a surgical device. Attaching the graft by a
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device may damage both corneal tissues and graft. For this reason, the pressure needed
to attach the graft is imposed by means of an air bubbling technique as shown in Figure
1. In this technique, an air bubble is placed at the anterior part of the graft inside the
Anterior Chamber (AC) of the eye and subsequently the bubble size is increased along
with the pressure in order to move the graft towards the corneal basement side. This
technique provides approximately 90% success rate of correct attachment of the graft to
the posterior cornea, and generally it avoids further surgical device interventions with
ocular tissues and corneal sutures [Stuart et al., 2018; Parekh et al., 2018; Parekh et al.,
2018]. In unsuccessful cases, graft detachment may be associated with the presence of
interfacial fluid between graft and cornea, but the underlying cause of these
detachments is still unknown.

The employment of mathematical eye models and engineering approach in biomedical
applications has proven to be a success in terms of prediction of physical quantities of
interest like velocity, pressure, stress and temperature, such as for the design of
biomedical equipment [Mauro et al., 2018; Mauro et al., 2018; Mauro et al., 2018;
Mauro et al.,, 2018]. The high number of recent studies on modelling cornea
biomechanics indicates a growing interest in the field [Canovetti et al., 2018; Fraldi et
al., 2011; Nguyen et al., 2011; Pandolfi et al., 2006]. In the study by Studer et al., the
collagen fibre distribution in a human cornea is studied using a biomechanical model,
accounting for age related differences. Their results show an increase in collagen cross-
linking in cornea for older age groups [Studer et al., 2010]. A finite element
methodology was proposed by Lago et al. to present the in vivo characterization of
biomechanical behaviour of the cornea [Lago et al., 2010]. In the numerical study by
Whiteford et al., a finite element model was proposed to analyse the anisotropic

behaviour of the cornea [Whitford et al., 2015]. In their study, model parameters were
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calibrated with the experimental data for different age-groups. Montanino et al.
developed a model for analysing the air puff test on the cornea, in order to study the
effect of aqueous humour on corneal deformation [Montanino et al., 2018]. In their
study the influence of material and geometrical parameters on corneal deformation was
also investigated.

There are no studies concerning the numerical modelling of keratoplasty, with a realistic
reproduction of the corneal transplantation into a three-dimensional cornea model.
Therefore, the present work represents the first attempt to theoretically describe the
second step of endothelial keratoplasty procedure, i.e., the attachment of donor graft
with cornea driven by air bubble pressure, in order to characterize the structural
interaction between graft and cornea. This will ultimately provide insights on the design
of corneal transplantation surgery, with consequent reduction of post-operative
complications.

The paper is organized as follows: the next section presents the computational domain,
boundary conditions, governing equations and contact mechanics algorithm. The third
section first reports the numerical method validation, and then comments the results
obtained from endothelial keratoplasty simulations. Finally, concluding remarks are

drawn in the last section.

2. Mathematical model and numerical procedure

2.1. Computational domain and boundary conditions

The computational domains of the graft (slave body) and cornea (master body) are
represented in Figure 2. The graft considered in this work is 8 mm in diameter and 120
um in thickness [Moshirfar et al., 2014; Gormsen et al., 2018]. The cornea is assumed

to have a uniform thickness equal to 520 um, with an anterior chamber height of 15
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mm. During the endothelial keratoplasty, the slave surface (pink colour in Figure 2
(top)) of graft attaches with master surface (red colour in Figure 2 (bottom)) of the
cornea. Linear hexahedron elements are used to discretise the computational domain of
graft and cornea with 324 and 968 elements, respectively.

In order to reproduce the air bubble pressure a space and time varying load P=P(x, z, t)
is applied along the ‘y’ direction, normal at anterior surface (load surface) of the graft.

A parabolic profile is used to describe its spatial variation, and its magnitude is
gradually increased until attachment occurs, with Py ,x as the maximum value at the

centre of the graft. For the cornea a fixed boundary condition (fixed b.c) is also imposed
at the circumferential sides (blue colour in Figure 2). Free boundary condition is
imposed at the remaining surfaces.

With regard to the cornea, the Young’s Modulus and Poisson ratio v are equal to E = 1.0
MPa and 0.4, respectively [Shih et al., 2017]. For the graft, material properties are
similar to DM. However, the stiffness of the donor graft is slightly higher than the
actual DM, due to the chemical treatment performed prior to the endothelial
keratoplasty procedure [Last et al., 2009]. Therefore, different Young’s Modulus values
between 0.1 MPa and 0.3 MPa are considered in this study (Poisson ratio is maintained
equal to 0.4). The Young’s Modulus values of cornea and graft are experimentally
measured values which are obtained from the previous studies [Shih et al., 2017, Last et
al., 2009). A density p = 1000 kg/m” is assumed for both bodies. Since the study focuses
on the biomechanical behaviour of cornea and graft, the presence of aqueous humor at
the anterior chamber is, for sake of simplicity, not accounted for.

2.2. Governing equations and discretization

Cornea and graft are modelled as isotropic, hyper-elastic and nearly-incompressible

materials [Sinha et al., 2009; Khan et al., 2016]. Finite strain theory is used for
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describing the kinematics of both bodies. The reference (stress free) and deformed

configurations are indicated with €2 and €2, respectively, and the corresponding
coordinates as X EQO and x&€. The deformation gradient is denoted as

0x _ _L
F = &’ whilst J =det F > 0 is the local volume ratio and F' =J 2F is the

distorsional component of the deformation gradient. The right-Cauchy deformation
gradient and its isochoric counterpart are therefore defined as C = F T Fand

_T R
C = F F respectively. For a material which is assumed to be nearly-incompressible,

the strain energy function (% ) can be decoupled as in [Holzapfel et al., 2000]

y=9p(O)+U(J) . (1
where IZand U are the purely isochoric and volumetric contributions to ¥,

respectively. In the current study a neo-Hookean type material has been adopted, ie,
w(C) =21, -3
Y€)= 1-3), 2)

in which w is the shear modulus, /1 is the first invariant of C. The volumetric

component of the strain energy function is

(J -1’

UJ)=xk 3)

where « is the penalty parameter used for enforcing incompressibility.
In a standard Lagrangian description, the balance of linear momentum for an

infinitesimal solid volume d€2 may be written as

p&V-0=0, @)
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in which p is the current density, the vector d is the displacement field whereas o is the
second order Cauchy stress tensor. The application of the virtual work principle to the

momentum conservation equation leads, after integration by parts, to

[, 64" pddQ + [, 0" 0dQ ~ [ 5d"tdT =0, (5)
where 0d and d¢ are the virtual displacement and strain components, respectively, and ¢

is the current traction vector acting on the surface I".
After Galerkin discretization(Q =2 Q ,I'=2 I')), it is possible to write the multi-

dimensional system in the following compact matrix form,
S, |fo, 0d"0ddQ, +, (Bd)'0dQ, [, d"tdI, | =0, ©)

in which B is a matrix containing the derivatives of the shape functions, as described in
[Zienkiewicz et al., 2013]. The semi-discrete system obtained can then be discretized in
time by using the a-method [Zienkiewicz et al., 2014]. This yields a non-linear system

of equations:
Mdn+l + S(dn+1) - Tn+1 = O, (7)
where d_,, is the vector of unknown nodal displacements at time n+1, M is the mass

matrix, S is the internal force (non-linearized) vector and T ., is the external forces

vector. The system solution is sought by employing the Newton-Raphson method, as
described in [Bonet et al., 2010]. In this solution procedure the stiffness matrix, K, is
computed as derivative of the residual of the previous system of equations with respect

to the displacement d.
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2.3. Contact mechanics algorithm

Contact mechanics problems are non-linear in nature, since contact forces,
displacements and points of contact are unknowns at the interface during collision
between two bodies. The contact algorithm used in this study is derived from the
methodology by Doghri et al [Doghri et al., 1998]. For a more detailed explanation on
contact procedure see the above-mentioned reference work.

A frictionless node-to-surface contact procedure based on the penalty method is
employed where the nodes at lower surface of the graft are designated as slave nodes.
Figure 3 illustrates the contact procedure for a single slave node of the graft, which is

localized by the position vector x_ during the contact occurs, by its projection x,, on the

corneal master surface. The quadrilateral element of the master surface is divided into
four triangular facets by means of a temporary centre node ‘0’, such that each master
triangular facet has 3 nodes; 0, 1, 2. The coordinates of the temporary centre node are

defined by:

i=1 , (8)

The tangential edge vectors e; and e, are given by:
=X "%, 6=%5"% )

The normal of the triangular facet is defined as:
A
n-=exe,. (10)

For each corner node (belonging to the quadrilateral element) the average normal is

calculated by considering the normal of triangular facets connected to the node. The

10
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normal at the temporary central node of the quadrilateral element n, is calculated by

averaging the normal at the corner nodes, i.e,

4
n0|n0|=12n,.
4 £ . (11)

The initial step of the contact procedure is to project the slave node xg along the
calculated facet normal n” onto the master surface (Figure 3(a)). This identifies the
projected point x,,, lying within the triangular facet, where the contact actually occurs.
In order to check the location of the projected point x,,, a natural coordinate system & is
employed (see Figure 3(c)). The natural coordinates of the projection point are
calculated from the edge vectors, dual basis vectors and normal of the facet. The dual

basis vectors are calculated as:

A A
W =n"Xxe W, =n Xe,

: (12)
The natural coordinates of the projected point x,, are defined as:
§ _ WZ‘(xs_xO) g _ Wl'(xs_xO)
Ip — >22p T , (13)
w,. w.e,

It is worth noticing that the projected point X 2 lies within the triangular facet domain

only if the natural coordinates &, &, and their sum are in the range between 0 and 1.

The coordinates of the projected point x,, are linearly interpolated by using the finite

element shape functions N ;

X, = 2 Nixi’ (14)

where

No =1_§1p _§2p’Nl =§1p’N2 =§2p-

11
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Every time the slave node changes position, the projected or contact point is re-
calculated for each iteration of the algorithm.
The second contact step is to measure the gap vector g; between the coordinate of the

slave node and projected point, in order to check if the points are actually in contact.
This gap vector is calculated along the interpolated normal 7 p at the projection point on

the triangular facet, which is given by

2
n, ‘np‘ = ZNini’ (15)
g =X, —X,, (16)
g =8N, (17)

The gap vector, &;, refers to the following impenetrability conditions:

g, <0 penetration; (18)
g, =0 perfect contact; (19)
g, >0 no contact. (20)

Penalty constraints are applied to prevent the violation of impenetrability condition in
order to satisfy the conditions (17) and (18). This is carried out by means of penalty
parameter,e, which is imposed in the contact stiffness matrix and contact force vector in
order to avoid penetration.

This penalty parameter depends on the amount of penetration of the slave body into the
master body. A higher value of penalty parameter decreases the amount of penetration
of slave body into the master body. However, very large values of penalty parameter

may lead to numerical instabilities.

12
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In order to solve the non-linear system of contact equations, Newton-Raphson method
is employed to linearize the equations at the region of contact, and iterations are
performed to obtain the solution. The linearization procedure for the finite element
contact formulation can be found in [Laursen et al., 1993].

The contact force f of the slave node at the contact point is defined as

/=g, 1)
Since the two bodies are flexible, an equal and opposite contact force f at the master
triangular facet nodes (0,1,2), are distributed based on the shape function of the
corresponding nodes at the contact region, in order to impose equilibrium conditions.

Therefore, the residual contact force vector matrix at contact region, R, is given as:

R, = [NofTN1fTN2fT _fT]

(22)
The contact stiffness matrix K, is defined at the point of contact between slave and

master bodies as:

-, -
Nym N,Nm N,N,m -N,m
N,N,m Nm N,N,m  —=Nm
K, =
2
N,N,m N,N,m Nim -N,m |
| —Nom -Nm -N,m m (23)
where m is 3 x 3 matrix given by:
_ T
m=en,n,. (24)

Finally, the derived contact stiffness matrix K. and contact residual force R, are added

to the stiffness matrix and external force vector, respectively,

! _ I
K =K+K.,T'=T+R. -

13
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The procedure developed by the authors is then applied to a benchmark problem for

verification.

3. Results and discussion

3.1. Model verification: bending of plates over a cylinder

Before simulating the keratoplasty procedure, the proposed non-linear finite element
contact model is tested by employing a typical contact mechanics benchmark problem:
“bending of two plates over a cylinder”. The computational domain is depicted in
Figure 4(a)(left). Simulation parameters and boundary conditions of this problem can be
found in the reference [Kopacka et al., 2015]. Due to symmetry of the stress and
displacement fields, only one-eighth of the geometry is considered. The material
properties of the elastic plates and cylinder are as follows: Young’s Modulus, E = 2.1
x10° MPa, Poisson ratio, v = 0.36. The plates are loaded with a uniform surface traction
of 22.5 MPa in ‘y’ direction. It should be noticed that the benchmark problem has

employed three dimensional second-order serendipity elements while the present model

has used linear hexahedron elements to discretise the geometry. A penalty parameter €

=5 x10% N/mm is selected to impose the impenetrability conditions in order to prevent
the penetration of plates into the cylinder. This way the plates bend under the influence
of the uniform pressure load. The distribution of oy, contours of the deformed plates
over the cylinder are shown in Figure 4(a)(right). The contact pressure on the plate at z
= 102.07 mm is within the range of values available from the literature (Figure 4(b)).
The discrepancies between the present and the reference studies can be attributed to the

variability in the discretised element used and difference in contact algorithm employed.

14
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3.2. Dynamics of the impact between cornea and graft

In this section the dynamics of endothelial keratoplasty procedure is numerically
reproduced and analysed. For this case, a time step equal to At =5 x107° seconds is
used whilst the graft Young’s Modulus is set equal to 0.3 MPa. The thickness and
stiffness of cornea are considered to be the same throughout the study. The bubble

pressure load is applied to the graft and gradually increased each time step up to a

prescribed maximum pressure of Ppax = 3.0 mmHg, in order to complete the

attachment of the two bodies. Figure 5 depicts, at different time stages, the cornea and
graft before and during the impact. At the initial time, the distance between centres of
graft and cornea is equal to 0.65 mm.

The first contact occurs when the circumferential corners of the graft hit the cornea after
0.0001 seconds. At this point contact forces are exerted on the graft corners. As a
consequence, stress intensity rises on the graft corners as well as on the corneal body
surface, while the core regions of the graft undergo deformation (measured in terms of
displacement with respect to the reference configuration) due to inertia and increase in
pressure load. The graft completely attaches to the cornea after approximately 0.02
seconds. Since then, the effect of the impact is more prominent in the central region of
the cornea, where higher stress is recorded. This may be caused by the higher load
acting on the central region of the graft.

Figure 6(a,b) shows, for graft and cornea, the displacement magnitude (module) with
respect to the reference configuration (configuration before the impact) and VM stress
intensity after the complete attachment. The displacement is plotted for cornea and graft
corresponding midsections with respect to y axis, whilst VM stress intensity is plotted at
master and slave surfaces. The cornea exhibits a maximum displacement of 0.005 mm,

whilst the graft attains a more pronounced displacement, with a maximum value of 0.6

15
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mm. It is worth mentioning that the structural deformation (measured in terms of
displacement with respect to the reference configuration) of the graft depends on several
factors such as the stiffness and thickness of the material employed, bubble pressure and
corneal stiffness. The maximum VM stress intensity values of graft and cornea are
0.015N/mm? and 0.0176 N/mm?, respectively.

In order to analyse the contact force on the graft during the endothelial keratoplasty, the
mean contact force on the slave nodes lying on the circumference of the graft (red thick
line) is plotted against time in Figure 6(c). The recorded force rises with time,
presenting also a high-frequency oscillatory behaviour due to non-linearity involved in
the contact mechanics problem at the corneal-graft interface.

It is worth mentioning that the mean contact force also depends on the parameter which
guarantees the impenetrability condition during the contact. The choice of the penalty
parameter is based on trial and error method and it depends on various factors, like
bubble pressure load, graft stiffness and thickness. The penalty parameters used for the
cases with different bubble pressure load conditions and graft’s Young’s Modulus
values, are reported in Table 1. It is shown that, for imposing the impenetrability
condition, a higher penalty parameter is required for larger bubble pressure load and

Young’s Modulus.

3.3. Effect of graft stiffness on corneal biomechanics

The stiffness of the graft may vary during the donor graft preparation, depending on the
methods employed and experience of the ophthalmologist. Moreover, the structural
properties of graft depend on the donor age, gender and storage time. In this section,
three different Young’s Moduluses (E= 0.1, 0.2, 0.3 MPa) are considered for the graft.

This allows analysing the effects of the graft stiffness on the contact mechanics. The

maximum bubble pressure load, Pp,x, to attain during the complete expansion of

16
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bubble, is set as 3.0 mmHg. Figure 7(a-c) depicts the Von Mises stress intensity plotted
at the central section of master surface of cornea and slave surface of graft while the
displacement is plotted at the central -section of mid-surface of graft and cornea.

For lower values of E, the graft exhibits a more deformable behaviour and
consequently, the impact of the graft induces larger stress and strain on the cornea. The
curve corresponding to case E = 0.2 MPa (green dashed dot line) lies between the other
two cases. Figure 7(d) shows that a stiffer graft involves a higher contact force. On the
contrary, if the graft is able to deform more, the smaller reaction-contact force between

the two body forces favour penetration.

3.4. Effect of bubble pressure load on corneal biomechanics

In endothelial keratoplasty surgery, the bubble pressure load plays a fundamental role
for the complete adhesion of the graft. It is indeed possible to experience a partial
attachment due to an insufficient bubble expansion. Moreover, if the graft stiffness is
higher, an additional pressure load, through expanding the bubble, is required to deform
the graft for the complete attachment. At the same time, a very large pressure load can
lead to abnormal stress on the contact surface, involving potentially dangerous
consequences on the health of the corneal cells. In order to elucidate the corneal
structural response dependency on pressure, three different values of bubble pressure
loads, (1.5, 2.3, 3.0 mmHg) are considered. The Young’s Modulus of the graft is set
E=0.1 MPa. Simulation results show that, for larger bubble pressure loads (2.3 mmHg,
3 mmHg), the graft and cornea sustain higher stress (0.03-.032 MPa) after the
attachment, as shown in Figure 8 (a-c) (green dashed dot line, blue dashed double dot
line). The cornea deforms more when the graft is under larger loads (Figure 8(c)). As
the bubble pressure load increases, the mean contact force on the graft becomes higher

as shown in Figure 8(d). It is also important to mention that the time required for the

17
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graft to attach is significantly smaller (0.017-0.020 seconds) for larger pressure loads

(2.3-3.0 mmHg).

3.5. Effect of graft thickness on corneal biomechanics

The thickness and diameter of the graft depends on the technique adopted (DMAEK,
DSAEK). Based on the patient’s need, ophthalmologists usually develop a donor graft
within the thickness range: 50-120 um. Here the influence of graft thickness (50, 80,
100 and 120 pum) on corneal deformation (evaluated in displacement module with

respect to the reference configuration) and stress intensity is investigated (see Figure

9(a-c)). The maximum bubble pressure load is set Py ,x=2.5 mmHg and Young’s

Modulus E=0.2 MPa. The graft stress recorded are higher at the central regions for
thickness of 50 um (thick red line) and 80 pm (green dashed double dot line) than in the
case of 100 um (blue dashed dot line) and 120 pm (pink dashed line). This is due to the
fact that deformation decreases for larger graft thickness.

For the same applied bubble load, a graft with thickness 50 um has a higher acceleration
than the thicker ones and consequently the impact will produce larger corneal
deformation and stress, as shown in Figure 9 (thick red line). On the contrary, for a
higher graft thickness (100 um and 120 um), the deformation is more uniform and it
occurs in a more controlled manner. It is important to notice from Figure 9(d) that the

mean contact force developed at the contact surface increases with the graft thickness.

4. Conclusions

In the present work, endothelial keratoplasty, a corneal transplantation technique, is
computationally modelled by employing a hyper-elastic finite element framework. The
automated air bubble technique is also numerically reproduced in order to induce the
graft attachment to the cornea. Since this surgical technique involves contact between
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graft and cornea, a penalty-based node-to-surface contact model is integrated into the
hyper-elastic finite element model.

Displacement and VM stress analysis show that the changes in geometrical and material
properties of graft have significant effects on biomechanical behaviour of the cornea. A
lower stiffness and thickness of the graft induce higher corneal stress intensity and
deformation during the impact. This is more evident for high bubble pressure loads.
Undoubtedly, the air bubble pressure load condition plays a fundamental role in the
graft-cornea attachment.

Simulation results can provide a valuable insight for a more efficient endothelial
keratoplasty surgery design, accounting for geometric, material and air bubble pressure
conditions. The current study serves as a foundation for the future work which involves
the effect of Aqueous Humor (AH) flow on the graft attachment with cornea. In this
way, the detachment sites of graft can be analysed which provides some valuable

information for the surgeons in order to reduce the post-operative complications.
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Prax (mmHg) 1.5 2.3 3.0
E (MPa)
0.1 0.0050 N/mm | 0.0080 N/mm | 0.01 N/mm
0.2 0.0055 N/mm | 0.0085 N/mm | 0.017 N/mm
0.3 0.0070 N/mm | 0.0095 N/mm | 0.025 N/mm

Table 1. Penalty parameter ¢ for different bubble pressure loads Pmax and graft

Young’s Modulus E.

25




534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

Figure captions

Fig. 1 Endothelial Keratoplasty procedure (DMAEK and DSAEK)

Fig. 2 Computational domain and boundary conditions of graft and cornea. The
graft is initially positioned parallel to x and z axis, with the slave surface facing
the master surface of the cornea

Fig. 3 (a) Projection of slave node x; onto the master surface, (b) tangential
vectors of triangular facet and (c) local coordinate system (&) of the projected
point X,

Fig. 4 (a) Plates mounted over a cylinder (left) Computational domain of the
bending plates over a cylinder (right) (b) Contact pressure distribution on the
plate

Fig. S Von Mises stress intensity plotted at (a) different time steps for the
cornea and graft, (b) different time steps at central-section of the cornea and
graft and (c) graft and cornea after complete attachment (left), posterior and
anterior parts of the cornea after complete attachment (right)

Fig. 6 (a) Displacement at cornea (left) and graft (right), (b)VM stress at cornea
(Master surface) (left) and graft (slave surface) (right) and (c) mean contact
force at the slave nodes of the circumference of graft

Fig. 7 VM stress intensity at (a) graft (slave surface), (b) cornea (master
surface), (c) displacement at cornea and (d) mean contact force at the slave
nodes of the circumference of graft

Fig. 8 VM stress intensity at (a) graft (slave surface), (b) cornea (master
surface), (c) displacement at cornea and (d) mean contact force at the slave

nodes of the circumference of graft
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558 Fig. 9 VM stress intensity at (a) graft (slave surface), (b) cornea (master
559 surface), (c) displacement at cornea, and (d) mean contact force at the slave

560 nodes of the circumference of graft

27



KERATOPLASTY PROCEDURE

Insertion of graft inside the Insertion of Air Bubble (AB) Expansion of Air Bubble and
Anterior Chamber of eye at the centre of graft attachment of graft to the cornea

AB = Air Bubble
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Initial position of graft before corneal attachement

Time = 0.00 seconds

.

(@) P, =3.0 mmHg
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