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ABSTRACT

The modeling of corneal tissue cutting is essential in developing haptic training simulators and robot-
assisted surgeries. A finite element model was developed in this study for the ovine corneal cutting
process and validated with an experimental setup for the first time. The experimental setup forces are
measured in pre-cutting, cutting, and relaxation phases. The mechanical behavior of corneal incision was
modeled by the finite element method. A test setup was built to conduct experiments on 32 fresh and
well-preserved ovine cornea. Force was recorded with the sampling rate of 200 Hz. The tests were
performed for intraocular pressures from 15 mm-Hg to 18 mm-Hg, and keratome velocities of 1 mm/s
and 2 mm/s. The finite element model characterized the nonlinear behavior of the ovine corneal tissue.
In the pre-cutting phase, the force is increased until the instrument tip penetrates. A 12.3% (2 mm/s) and
19.1% (1 mm/s) reduction in force indicated the onset of the cutting phase after which force remained
constant. At the relaxation phase, force returned to zero. The cutting force values varied by pressure
between 0.183N and 0.287 N for 1 mm/s and between 0.211 N and 0.281 N for 2 mm/s of keratome
velocity, respectively. The finite element simulations show that the maximum force errors predicted by
the model is 0.042 N for 2 mm/s of keratome velocity. The root mean square of force error between the
finite element simulations and the experiments is 0.025 N.

doi: 10.5829/ije.2021.34.05b.27

1. INTRODUCTION

research works on FE models of needle insertion. These
FE models can be broken down into three main categories

Cataract surgery simulations are useful for training
surgeons and to administer surgery via teleoperation.
Finite element method (FEM) can be used to model
corneal mechanical behavior when subjected to internal
and external forces [1]. There are a few valuable research
works in the literature investigating the finite element
(FE) models of the cornea under various types of loading,
but the FEM of the corneal cutting procedure during
cataract surgery is not adequately studied yet.
Experiments on the corneal tissue can greatly help
researchers understand the mechanics of deformation and
rupture during cataract surgery and develop valid FE
models. In previous studies, a few types of FE models of
cornea have been presented. Also, there are some
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including corneal surgery, corneal impact, trauma, and
needle insertion into soft and artificial tissues. FE models
of corneal surgeries, impacts and trauma are somehow
comparable to the FE simulation of cataract surgeries.
However, none of these FE models has addressed cutting
of the corneal tissue. The most relevant simulations of
cataract surgery operation are needle insertion
experiments and FE simulations.

FE model of refractive surgery and corneal
deformation has been developed to plan surgical
procedures and predict corneal mechanical properties.
The curvature of the corneal surfaces affects its refractive
power significantly. Refractive surgery is used to
improve the visual acuity of patients with common
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refractive illnesses. FEM has been used to analyze
mechanical properties and corneal curvature before and
after the refractive surgery [2-9]. Moreover, an FE model
has been developed for simulating corneal tissue cutting
by using boundary condition [10]. The FE model has
been employed to compare and revise nomogram tables
or graphics used by surgeons to plan surgical procedures
[11, 12]. In other studies, a 3-D FE model has been used
to compare the results of small-incision and LASIK
operations [13]. Additionally, FE simulation has been
used to correct astigmatism [14]. Moreover, a 3-D FE
model has been used to study the accommodation
behavior of crystalline lens after Femtosecond (FS) laser
treatment [15]. Additionally, a 3-D FE simulation has
been used to investigate the deformation of cornea during
tonometry [16]. However, none of these FE models
concerns the cutting process of the corneal tissue.

FEM has been employed as a useful and inexpensive
tool for simulating ocular injuries and bringing solutions
to reduce eye injuries. In these types of studies, factors
such as velocity, mass, material, and size of the projectile
have been taken into account [17-19]. Additionally, FE
simulation of rupture of corneal tissue due to airbag
injuries has been developed [20-21].

The FE model of needle insertion has been
developed to determine needle forces during soft tissue
cutting. Two-dimensional FE model of needle insertion
has been developed to predict needle deflection, and also
for steering the needle towards soft tissue in robotic
systems [22]. FEM can be used for needle-tissue
interactions by simulating material properties, material
rupture, large deformation, and boundary conditions
[23]. A FE simulation with cohesive zone model can be
used to investigate tip rupture [24-25]. However, a
cohesive zone algorithm requires a priori needle route.
FE model has also been used to simulate needle-tissue
interaction forces with an element deletion-based method
[26-27]. In these studies, a micro-needle was inserted into
a 2D and 3D multilayer skin model.

This paper presents an experimental setup for
simulating the first step of cataract surgery operation by
recording cutting force of the ovine corneal tissue for the
first time. The effect of intra-ocular pressure and
surgeon’s hand velocity on the incision force was
investigated. Moreover, a FE simulation of the ovine
corneal tissue cutting process was developed based on the
nonlinear behavior of the corneal tissue and it was
validated experimentally.

The remaining of the paper is organized as follows.
In section 2, we describe the experimental setup and the
FE model. In the results section, we compare the corneal
experimental results with those of the FE simulations.
Finally, the paper is concluded by discussing the effect of
the cutting force and repeatability of the tests.

2. MATERIALS AND METHODS

2. 1. Experiments The experimental setup was
designed to penetrate the keratome inside the corneal
tissue and record position, velocity, and force (see Figure
1). This setup simulates the cataract surgery operation
with any desired penetration velocity. The setup allows
adjustment of intraocular pressure, and keratome motion
velocity during the incision process. The aim was to use
a keratome to penetrate the soft tissue with a constant
velocity while monitoring the force of cutting the tissue
exerted on the keratome during the incision process.

Other experimental apparatus studies include needle
insertion of prostate brachytherapy procedures [25, 28],
needle insertion into an artificial material [29-30], needle
insertion into agar gel by using three types of copper
needle with bevel tips [31-32], and needle insertion into
porcine cardiac tissue [33]. This paper models operation
of the keratome tool on corneal tissue during cataract
surgery .

The equipment consists of a keratome incision
instrument, a data-acquisition card, a high-speed 120
frames per second camera, a linear potentiometer, a load
cell, and a personal computer. The entire incision
mechanism stands on a base and fixed with vertical
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Figure 1. The test devices and equipment of cataract surgery
mechanism
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supports. A lead screw rotate by using a geared DC motor
and the change of moving plate position measured by
potentiometer (Opkon LPT 225 D 5K); also, a one axis
force sensor (Scaime ARO.2 serial number 001503) fixed
on moving plate and the keratome was screwed to the
force sensor. The force sensor was fixed on an aluminum
plate with one side attached to the anti-backlash nut
traveling along the lead screw and the other side to a
guiding shaft with a linear bearing to reduce friction of
travel. The design and fabrication of the cutting assembly
ensured that the system was sufficiently rigid.
Accordingly, the forces recorded by the force sensor were
those obtained by cutting the tissue alone like real forces,
acting on the surgeon’s hand during the cataract surgery
operation.

To match the recorded values from the test and
incision procedure, find the meaning of each variation in
numerical values of the recorded force and tissue
deformation, a high speed camera system was employed
during the surgery simulation. The camera was placed
close to the experimental setup to record scenes of the
incision and tissue deformations step by step for later
analysis. This consideration was made for recognition
and accommodation of the force-time values with the
steps of corneal tissue incision.

An experimental test was performed to record
reaction forces to the surgeon’s hand during the cataract
surgery and use these forces for evaluating the finite
element simulation. These forces play a substantial role
in specifying the pattern of incision and defining the
failure criteria of the cornea soft tissue. In light of this,
32 ovine eyes, because of their similarity to human eyes
[34], and as it is the most practical choice of cataract
surgery for trainers in wet labs in the Middle East and
Central Asia [35], were used and prepared for the test
within 4 hours of post-mortem. Since the experiments
were implemented on the ex-vivo corneal tissue, the
preparation procedure of the corneal tissue before the
experiment helped maintain the properties of the tissue as
close as to the in-vivo corneal tissue properties. The eyes
were placed in an eye fixture during the implantation of
the test, the design of which was inspired from previous
studies [36], with some changes based on test situation.
Finally, the test was repeated four times for each
scenario. The effect of keratome motion velocity and
intraocular pressure was considered.

The preceding pictures in Figure 2 present the
penetration of keratome into the corneal tissue step by
step. As it is obvious in this figure, the yellow lines show
the edge of instrument while the red line shows the width
of cutting.

2. 2. Finite Element Analysis A validated
computational model can describe the incision process
and predict the mechanical behavior of the cornea during
incision. An FE model provides a quantitative estimation
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Figure 2. Keratome penetration into the cornea. A: Initial
contact. B: deformation. C: initial cutting, D: cutting
process. E: cutting process. F: complete pass of Keratome

of the corneal tissue deformation resistance both before
and during the incision process. This model iteratively
solves for the characterizing parameters of the corneal
soft tissue failure criterion.

The FE model determines the keratome-tissue
interaction and the resulting forces applied by the
surgeon’s hand during operation. A three-dimensional
FE model of the eye using 81771 linear hexahedral
elements of type 8-node linear brick, including 2193
elements with average size of 1Imm in region A, 54000
elements with average size of 0.52mm in region B
associated with the location of incision, and 390 elements
with average size of 0.54mm in region C, and also
keratome with 186 linear hexahedral elements with
average size of 0.36mm, was developed to simulate the
first step of cataract surgery operation as shown in Figure
3.
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The FE analysis was conducted with the ABAQUS
finite element software using the VUMAT subroutine.
The corneal tissue has non-linear behavior and its
Young’s modulus increases during deformation [34]. A
constitutive model was used to demonstrate the
exponential effect of the strain on the material’s stress—
strain behavior as obtained experimentally. In this
consideration, a non-linear constitutive model was
adopted from earlier studies [34]:

o =a(Ee™ -1 )

where a is equal to 0.22 MPa and b is dimensionless and
equal to 32.88. The Young’s modulus is extracted from
the first derivative of ¢ with respect to e:

g-do_ abe™ )
de

The strain ¢ is replaced by the equivalent strain &g
obtained from the principal strains &;, €, and &3:

Eeq zé\/(srsz)z + (62— 85) + (53— )’ (3)

Defining this type of material behavior as the corneal
tissue, as well as simulating the incision step and cutting
the cornea is not possible in ABAQUS CAE. We
developed a user-defined material model (VUMAT)
FORTRAN subroutine to implement the material
behavior of the corneal soft tissue and soft tissue cutting.
For simulating the damage of the soft tissue by keratome
incision, the explicit solver is more efficient and
convergence of the solution in the explicit solver is easier
compared to the implicit solver. In this analysis, a
modified Johnson-Cook model and an element deletion-
based method were used [17]. The damage behavior was
implemented into ABAQUS via a VUMAT in
conjunction with the non-linear elastic model. The
modified Johnson-Cook model is simplified to the Von
Misses stress as below:

o=A 4)

Which A is a constant value. At the low strain rates
encountered in the cataract surgery simulation, the effect
of strain rate, strain hardening, and thermal softening are
vanished in the modified Johnson-Cook model. To
implement the material formulation by using vumat
subroutine of ABAQUS the user must provide, the yield
stress of corneal tissue from experimental results.

3. RESULTS

Experimental results for two keratome velocities, i.e.,
Imm/s and 2 mm/s, were carried out at four intraocular
pressures ranging between 15 mm-Hg and 18 mm-Hg.
Figure 4 demenstrates the results of the test when the

keratome moved at the speed of 1 mm/s. As the
intraocular pressure increases from 15 mm-Hg to 18 mm-
Hg, force trajectory increases as well. Force increases
until it reaches a peak at P as shown in Figure 4. This
corresponds to the deformation of the corneal tissue
before the incision of the tissue. Quickly after the peak,
force declines from P to Q as a consequence of
penetration. At Q, the edges of the keratome are in
contact with the punched corneal tissue. The keratome
continues to cut the tissue and push forward from Q to R.
Consequently, force remains almost constant as time
passes until the indentation reaches 1.6 mm at R, which
coincides with the maximum width of keratome (3.2 mm)
at this point. The soft tissue has been cut open by the full
width of the keratome at R. From R to S, the keratome
penetrates more into the cornea rather effortlessly
through the cornea thickness, while force diminishes
steadily and ultimately vanishes at T. The general
behavior of experimental results in our research are
similar to results of needle insertion into the soft gel in
previous study [30].

Similarly, Figure 5 persents the test results for the
keratome speed of 2 mm/s. The general behavior of
Figures 4 and 5 are similar. We observe an 7.7% average
increase in force when the speed doubled from 1 mm/s to
2 mm/s.
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Figure 4. Experimental results for the 1-mm/s velocity with
different pressure values
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Figure 5. Experimental test results for the 2-mm/s velocity
with different pressure values
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Figure 6 compares incision force at four intraocular
pressures for both velocities. The experimental results
show that the keratome velocity does not affect force
considerably. Also, the amount of force increase due to
the faster velocity of 2 mm/s is diminished at higher
intraocular pressures.

The FE model of the corneal tissue cutting process
during cataract surgery operation was developed for four
intraocular pressures between 15 mm-Hg and 18 mm-Hg.

The keratome velocity was set to 2 mm/s as the most
common velocity during cornea cutting. Figure 7 shows
four stages of keratome penetration into the corneal tissue
for the intraocular pressure of 15 mm-Hg. Force exertion
on the corneal tissue increases before incision as shown

Incision Force (N)
s

15 l6 17 1%
Intraocular Pressure (mm-Hg)

Figure 6. Comparison of the incision force at two keratome
velocities of 1 mm/s and 2 mm/s

the eye and keratome are drawn because of the eye
symmertry about the prime meridian plane. A: Force
exertion on the corneal tissue before incision; B: Keratome
tip penetration into the corneal tissue; C: Corneal tissue cut
open by the full width of the keratome; D: Continuation of
keratome penetration into the cornea without further cutting

in Figure 7(a). Quickly thereafter the keratome tip
penetrates into the corneal tissue and the edges of
keratome remains in contact with the corneal tissue as
shown in Figure 7(b). The keratome continues to cut open
the corneal tissue by the full width of the keratome as
shown in Figure 7(c). The keratome continues to
penetrate into the cornea without further cutting as shown
in Figure 7(d). The Von Misses stress of the corneal
tissue resulting from the keratome penetration is
expressed in MPa in a legend next to each figure.

The resultant force on the keratome was calculated by
ABAQUS and compared with the experimental results.
Figures 8 presents the FEM results for the 2 mm/s
velocity of the keratome motion for different intraocular
pressures. The pattern of PQRST in experimental results
in Figures 4 and 5 are observed in Figure 8.

The results of the experiments and the FEM are
compared for the keratome velocity of 2 mm/s with two
intraocular pressures of 15 mm-Hg and 18 mm-Hg as
shown in Figures 9(a) and 9(b). These pressure values are
chosen because they are the minimum and maximum
common pressures used during cataract surgery operation
by most surgeons. The pattern of experimental results
and FE simulations are similar. Both experimental results
and FE simulations show that the maximum force in
Figure 9(b) is 24% bigger than that of in Figure 9(a)
because of difference in intraocular pressures of 15 mm-
Hg and 18 mm-Hg. Figures 9(c) and 9(d) show the errors
of the FEM from the experimental results. In Figure 9(c),
the root mean square and the maximum of the error are
0.009 N and 0.042 N, respectively. Similarly, in Figure
9(d), the root mean square and the maximum of the error
are 0.007 N and 0.021 N, respectively.

4. DISCUSSION

A physics-based simulation of cataract surgery operation
can improve surgical training by increasing the fidelity of
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Figure 8. FEM results for the 2-mm/s velocity with different
pressure values
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Figure 9. Experimental and FEM results. A: 15-mm-Hg
pressure and the 2-mm/s velocity. B: 18-mm-Hg pressure
and the 2-mm/s velocity. C: FEM difference from the
experimental results for the 15-mm-Hg pressue and the 2-
mm/s velocity. D: FEM difference from the experimental
results for the 18-mm-Hg pressue and the 2-mm/s velocity

haptic simulators. Simulation of corneal tissue cutting
process is an important part of cataract surgery training,
but has not been adequately explored in the previous
studies. For instance, recent studies in the field of
refractive surgery [3, 4], and also previous studies on
refractive surgery simulation [2, 37] modeled the
geometry of corneal tissue before and after the surgical
procedure without considering the cutting process.
Similarly, researches in the field of projectile impact and
trauma finite element simulation [17, 18] focused on the
results of different parameters of the projectile affecting
the intensity of injuries. Simulation of airbag injuries [20,
21] is similar to that of projectile impact injuries as both
are not focused on the cutting process of the cornea. In
fact, the mechanism and pattern of rupture in projectile
and airbag studies are not under control. In other words,
these studies aimed to predict the effects of different
impact types on cornea to improve designs by creating a
better protection. Therefore, the cutting procedure was
not a key issue in such studies.

Research works in the field of needle insertion into a
biological material [25, 33] have shown similar force-
time patterns to the findings of this paper. The differences
are the experimental setup, the surgical instrument, and
the material properties of the soft tissue.

008

(.

Force (N)

I'ime (5)
B

Figure 10. Repeatability of the test results. A: Test results
for four ovine eyes (pressure of 18 mm-Hg and velocity of 2
mm/s). B: The difference of each test from the mean of all
four tests
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The repeatability of the experiments was investigated
by four ovine eyes for each test. For example, Figure
10(a) shows the experimental results for the intraocular
pressure of 18 mm-Hg and the keratome velocity of 2
mm/s. Figure 10(b) shows the test errors from the mean
values. The force-time curves are close to each other with
the root mean square of 0.013 N, 0.009 N, 0.006 N, and
0.014N for tests 1 to 4.

5. CONCLUSION

We designed and fabricated an experimental setup to
measure force during the process of corneal tissue cutting
in cataract surgery operation. We also developed a three-
dimensional FE model for simulating keratome insertion
into the corneal tissue. We validated this FE model by the
experimental data at four intraocular pressures with the
keratome velocity of 2 mm/s. The FE model included
non-linear properties of the corneal tissue and a modified
Johnson-Cook model for the cutting behavior during
cataract surgery operation. The material behavior of this
corneal tissue model is computationally inexpensive and
can be used in real-time haptic simulators in order to
better train surgeons and prepare them for handling
potential complications of surgery. These simulations
could also be useful to design better cataract surgery
instruments. Real-time simulation of corneal cutting
process by using haptic device is left for future work.
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