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Corneal hyper-viscoelastic model:
derivations, experiments, and simulations
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Purpose: The aim of this study is to propose a method to construct corneal biomechanical model which is the foundation for simula-
tion of corneal microsurgery. Methods: Corneal material has two significant characteristics: hyperelastic and viscoelastic. Firstly,
Mooney—Rivlin hyperelastic model of cornea obtained based on stored-energy function can be simplified as a linear equation with two
unknown parameters. Then, modified Maxwell viscoelastic model of the cornea, whose analytical form is consistent with the generalized
Prony-series model, is proposed from the perspective of material mechanics. Results: Parameters of the model are determined by the
uniaxial tensile tests and the stress-relaxation tests. Corneal material properties are simulated to verify the hyper-viscoelastic model and
measure the effectiveness of the model in the finite element simulation. On this basis, an in vivo model of the corneal is built. And the
simulation of extrusion in vivo cornea shows that the force is roughly nonlinearly increasing with displacement, and it is consistent with
the results obtained by extrusion experiment of in vivo cornea. Conlusions: This paper derives a corneal hyper-viscoelastic model to
describe the material properties more accurately, and explains the mathematical method for determination of the model parameters. The
model is an effective biomechanical model, which can be directly used for simulation of trephine and suture in keratoplasty. Although
the corneal hyper-viscoelastic model is taken as the object of study, the method has certain adaptability in biomechanical research of

ophthalmology.
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1. Introduction

Biomechanical properties of the cornea have
important reference value for diagnosis and treat-
ment of corneal diseases, maintaining corneal shape,
the research of artificial cornea, etc. The biome-
chanical model is the foundation for numerical
simulation of corneal microsurgery using a variety
of techniques, such as finite element technique,
engineering, and mathematics [4], and the simula-
tion can become a valuable tool to plan ophthalmo-
surgical procedures [12].

Biomechanical modeling of soft tissue is one of the
applications of the deformation model. Usually the
functional relationship between the stress tensor and the
strain tensor is called constitutive model, a mathematical

model to reflect the macroscopic properties of the mate-
rial. In the early 1970s, Wildnauer et al. [28] tested
stress-strain relationships and failure strength of the hu-
man skin in different humidity by the uniaxial tensile
test, an in vitro measurement method. Besides, in vivo
measurement is possible with the development of sci-
ence and technology. Hendriks et al. [15] measured me-
chanical behavior of epidermis and dermis in vivo skin,
and built constitutive models of different skin layers.

As a typical representative of soft biological tis-
sue, the constitutive model of the cornea has been
derived in many studies. In order to study the behav-
iour of the cornea under different loading states and
provide improved predictions of the mechanical re-
sponse to disease and injury, nonlinear finite-element
modelling has been used in conjunction with experi-
ments [1]. Studer et al. [26] proposed a biomechanical
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model of human cornea based on stromal microstruc-
ture, where the constitutive mechanical law includes
collagen fiber distribution based on X-ray scattering
analysis, collagen cross-linking, and fiber uncrimp-
ing. On this basis, they reproduced inflation and ex-
tension experimental data in simulation. Pandolfi et
al. [23] employed a fiber-matrix constitutive model
and proposed a numerical model for human cornea,
which is able to account for its mechanical behavior
in healthy conditions or in the presence of keratoco-
nus under increasing values of the intraocular pres-
sure. Assuming that the cornea can be approximated
as a homogenous spherical structure with a constant
thickness, Anderson et al. [1] developed material con-
stitutive relationship based on mathematical analysis
of corneal inflation tests, and constructed finite-
element models that are able to trace the performance
of cornea upon exposure to disease, injury or elevated
intra-ocular pressure. Similarly, on the basis of swel-
ling mechanics, Karalis et al. [19] presented a theo-
retical model for corneal swelling with respect to
aqueous inflow, based on corneal dimensions and
mechanical and chemical properties, which can ex-
plain how glaucoma or hypotony come about. In order
to simulate the procedure of intrastromal photorefrac-
tive keratectomy, Hameed-Sayed et al. [12] provided
a three-dimensional model of the cornea with typical
parameters. Besides, the finite element method with
web-spline computer modeling was applied to study
the increase of corneal surface temperature during
microwave irradiation [20].

There are two significant characteristics of corneal
material: hyperelastic and viscoelastic. Hyperelastic
theory, established by Mooney and Rivlin, may de-
scribe the main features of biological soft tissues, in-
cluding deformation, non-compressibility, and continu-
ous deformation recovery at a specified time [7], [22].
Furthermore, biological tissue is composed of solid
matter and liquid matter. And in biomechanics and
biorheology, one of the fundamental theories that may
better reflect the interaction between solid and liquid in
the biological tissue is viscoelastic theory [25]. The
hyper-viscoelastic properties of the cornea are de-
scribed by some mechanical behaviours such as short-
term stress—strain and stress-relaxation. And many
scholars tested human corneas and porcine corneas to
determine the behaviours under inflation tests or uni-
axial tests [9], [30]. Besides, Woo and Bryant measured
material constants of the cornea according to nonlinear
stress-strain relationship obtained by swelling tests [5],
[29]. In the previous studies, there are some differences
in the accurate results under different testing conditions
or experimental specifications [18], [21], [26], [30].

For a more accurate description of corneal material
properties, this paper derives biomechanical model of
the cornea based on hyper-viscoelastic theory, which
is a relatively simple mathematical model. The pa-
rameters of the model are determined by uniaxial-
tensile tests and stress-relaxation tests, and its avail-
ability can be verified by experiment and simulation
of extrusion in vivo cornea. The derived model that is
the foundation for simulation of corneal microsurgery
can be used to improve the understanding of the
biomechanical behaviour of the cornea.

2. Materials and methods

2.1. Biological structures
and biomechanical properties

The cornea has the macroscopic structure of a thin
shell in front wall of the eye, as seen in Fig. 1. Cor-
neal central zone (i.e., pupillary zone) is approxi-
mately spherical where radius of curvature at each
point is roughly equal, whereas the pericentral zone
and the peripheral zone are relatively flat. Assuming
corneal surface is substantially spherical, it has a dif-
ferent thickness at each position, and pupillary zone is
the thinnest. Geometric parameters of human cornea
are shown in Table 1.
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Fig. 1. Schematic of corneal structure

Table 1. Corneal geometric parameters [mm]

Parameter Value Parameter Value
Axial length 26.50 |Horizontal diameter 11.20
Corneal mean thickness | 0.67 |vertical diameter 11.00
Central thickness 0.55 |Pericentral thickness 0.72
Peripheral thickness 1.00 |Corneal anterior radius| 7.80
Corneal posterior radius | 6.80
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Histologically, cornea can be divided into five lay-
ers by studying its structures and properties using
confocal microscopy, including epithelium (the thick-
ness is about 35-55 micrometer), lamina elastica ante-
rior (about 12 micrometer), stroma (about 500 mi-
crometer), lamina elastica posterior (about 10-12
micrometer), and endothelium (about 5 micrometer)
[1], [8], [10]. The biomechanical properties of the
cornea are primarily derived from the stroma [14].
Stroma is the main load-bearing part, accounting for
about 90% of corneal thickness. The front part of the
stroma assumes a greater role in biomechanics due
to more dense lamellar arrangement than the rear part,
and this characteristic makes cornea lighter and more
flexible [11]. Many researchers have studied the cor-
nea as a whole, but they did not point out its structural
layer corresponding to the measured parameters. We
can consider approximately that most results are
biomechanical responses of stroma, according to cor-
neal morphology and biomechanical properties [14],
[26], [27].

From macro perspective, the cornea has a variety
of features, such as diversity, anisotropic, nonlinear,
and viscoelastic [24]. Normally cornea is in a ten-
sioned state, and it is difficult to quantitatively de-
scribe the corneal biomechanical properties, as there
are many factors that can affect them, e.g., age [26],
gender, IOP (i.e., Intra-ocular pressure) [19], and ocular
temperature [20], etc.

Notably, the biological tissue normally presents
the internal stress in the normal physiological state.
Corneal internal stress is generated because the differ-
ence between IOP and atmospheric pressure is ap-
proximately 17.5 mmHg (11-21 mmHg). When the
tissue is removed from the organism, it will shrink due
to loss of the stress. Besides, corneal constraints
should be considered due to cornea is not isolated in
the eyeball. Anderson et al. [1] used 40° hinged sup-
port to fix the cornea border, joining the torsion spring
in the hinged support to more accurately express
scleral fixation [1]. However, they did not take into
account the full contact between cornea and sclera
that affected the simulation results. Referencing Fig.
1, there is a close association between cornea and
sclera, and they compose the outer wall of the eye.
Also, the sclera also is both anisotropic and vis-
coelastic [2], [3].

2.2. Hyperelastic modeling

A study objective of the hyperelasticity is to es-
tablish the stored-energy function associated with the

deformation parameter, and give a mechanical expla-
nation. There are many ways to establish the stored-
energy function. Theoretically, this can be explained
based on thermodynamic theory, statistical theory, and
internal molecular mechanism [22].

A characteristic of hyperelastic material is that
there is a potential stored-energy function . For most
of hyperelastic material, W = W(C) = W(I,, L, L),
which is the potential energy of the second Piola—
Kirchhoff stress tensor S described as
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where E is a component of Green—Lagrangian strain
tensor, and C is the right Cauchy—Green deformation
tensor. I, I, and I3 are three basic invariants of ten-
sor C.

Assuming /; (i = 1, 2, 3) represents main extension
ratio, principal strain & can be obtained by & = 4; — 1.
The relationships between the basic invariants of
tensor C and the main extension ratio 4; can be ex-
pressed as

Li=h+k+%,
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According to equation (1), the energy function of
the material is determined from
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For the hyperelastic material, stored-energy W can
be decomposed into isochoric part 7 and hydrostatic
part W, in the following form [7]

W=W+W,=f(I,-3,1,-3)+pJ-1), @
_2 _ 4

where [, =J 31, and I, =J 3I, represent the first
1
and second invariant of isochoric tensor C. J =12
represents volume ratio of deformation, i.e., the ex-
pansion ratio. p is hydrostatic pressure, which can be

expressed as

i

N
U=y (-1 5)
i=1

Then, strain stored-energy function, which has
complete multinomial form, can be described as

N N 1

T irT i 2

w=>Cy(I,-3) (12—3>A'+23<J—1) , (6)
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where N is the order of the expression; model coeffi-
cient Cy; reflects the characteristics of the material;
bulk modulus D; indicates the compressibility of the
material.

The above equation is Mooney—Rivlin hyperelastic
model of cornea [22]. For corneal material which can
be assumed to be an incompressible material [18],

[30], there is Is = 474345 =1. In this case,

1
Ay’

The coefficients of stored-energy function W can
be determined according to the experimental im-
ages. Based on the stored-energy function that has
two coefficients, the experimental data are fitted
according to the analysis of corneal stress-strain
curve [5], [9], [30]. So the formula (6) can be ex-
pressed as

I,=1, I,=1,, A, J=1. (7)

W =Cy(,=3)+Cy (I, -3). (®)

According to equation (2), the relationship be-
tween the principal stress # and the main extension
ratio 4; can be expressed as [17]

=24 Pz 2z 2 o)
ol I oo S E

where i, i, and i are different values that belong to
interval (1, 2, 3).

By equation (2) and equation (8), the first two ba-
sic invariants of tensor C can be obtained as

1
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According to equation (3), equation (9) can be
rendered in the form
7 aWJ, (1

2( -, 1 ow
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where i and i~ are different values that belong to in-
terval (1, 2).

For the incompressible material, hydrostatic
pressure does not affect the strain state. So, a hy-
drostatic pressure p can be superimposed on equa-
tion (11), i.e., principal stress can be expressed as
t1 T p, & + p, and p. In uniaxial tensile test, £, = 0. In
this case,

M=A=llly, B=A=1", (12)

where [, is the initial length, and / is the tensile dis-
placement. So, equation (2) can be expressed as

2 1

11=,12+z, 12=21+?, I,=1. (13)

According to equation (11) and equation (12),
principal stress #; becomes

ofr LYo 1o
ANeol, Adl,

Therefore, hyperelastic model of cornea can be
simplified as a linear equation of two unknowns, i.e.,

Y=C,+CyX, (15)

t = (14)

4

According to the measured stress value under dif-
ferent draw ratio, a straight line is fitted to obtain Cj,
and Cy,.

where X:l and Y =

2.3. Viscoelastic modeling

Although there are some differences in material
behaviors between elastic and viscoelastic, such as
timeliness, deformation properties and material
breakages, both of them are able to describe anti-
deformation and deformation recovery of the material.
Many kinds of viscoelastic models can be composed
of discrete elastic elements and viscous elements [6].
Maxwell model ([M]) and Kelvin model ([K]) are the
basic models of viscoelasticity [25]. [M] is a series
connection of a spring and a damper, whereas [K]
consists of a spring and a damper connected in paral-
lel. On the basis of the basic models, other models can
be considered as combinations of elastic and viscous
elements, such as generalized Maxwell model, Bur-
gers model, etc.

The existence of corneal viscoelastic behavior had
been verified by many experimental results [2], [13].
Referring to generalized Maxwell model, the vis-
coelastic constitutive model of the cornea is estab-
lished, which consists of [M] model in parallel. Be-
cause there is a series damper in each [M], the internal
stress of material would become near to zero if the
time of external load is longer enough. Therefore, in
order to describe the material properties more accu-
rately, an elastic element is connected in parallel with
the generalized Maxwell model, as shown in Fig. 2.
We define the model as modified Maxwell viscoelas-
tic model of the cornea. The solid property, shown by
the paralleled elastic element [E], reflects the residual
stress of cornea in the relaxation curves.
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Fig. 2. The modified Maxwell viscoelastic model
of the cornea

The stress o and strain ¢ of viscoelastic model (as
shown in Fig. 2) can be described in the following
form

n+l

i=1

e=&g,+¢€, (i=12,..,1,..,n), (16)
where o; is the stress in the i-th sub-model; &; is the
strain of the i-th elastic element; &, is the strain of the
i-th viscous element.

According to equation (16), the constitutive equa-
tion of [M] model can be rendered in the form

n n 77 n
S0+ 3 Lo =3 e
i=1 i=1 i i=1

Using Laplace transform, the constitutive equation
in transformed space is given by

_ n i -
_ZL+(77,/E)J8_;{Hgs}g’ (18)

where 7; = n/E;. At the fixed temperature, the dif-
ferential equation is solved by Unit Step Function
& = H(t), and stress response (i.e., relaxation func-
tion) is expressed by

(17

E(t)=) Ee''", (19)
i=1

where 7 is relaxation time of the i-th [M] model.
Therefore, corneal viscoelastic model, shown in
Fig. 2, can be defined as

E(t)=) Ee"'" +E,,,. (20)
i=1

The analytical form of the above equation is con-
sistent with the generalized Prony-series model where
E; and 7; are the model parameters; » is the number of

Prony-series; E,.; is the static elastic modulus (i.e.,
the long-term relaxation modulus), and

O-oo
En+1 = >
€0

(21)
where o, is residual stress and & is constant strain.

The model can accurately describe material vis-
coelastic, and its parameters are also relatively easy to
be obtained by numerical fitting based on stress-
relaxation tests.

Assuming the load is F}, strain is &, cross-sectional
area of specimen is 4 in each test, and the test number
is k, instantaneous elastic modulus is given by

b3

P (22)

Assuming the initial load as F; and the initial elastic
modulus as Ey, the constant strain is determined from
Fy
AE,’

& = (23)

Based on the experimentally measured tensile
force F(t), relaxation modulus E(?) is obtained from

F@) _ot)

En= Ae

(24)

According to master curve of the relaxation
modulus, the relaxation function E(f) can be fitted by
Prony-series.

For fitting of the Prony-series, defining a sequence
of positive numbers as [7;](i =1, 2 ., n), which
is uniformly distributed on the logarithmic coordinate
axis, the data fitting problem is to determine the un-
determined coefficients of the Prony-series E; (E; > 0).
Besides, the coefficients can make the minimum dif-
ference between function value of Prony-series E(f)
and relaxation modulus E£(¢,) in the test time ¢,, i.e.,

minE(t)-E, =Y Ee'" (i=1,2,...1,
i=1
Define {4} = E(f) — E,, {B} = ¢ "% and {C} = E,,
then the formula above can be transformed into a lin-
ear programming problem

Ln). (25)

min size i {B}HC}—{4}|. (26)

The hyperelastic model and viscoelastic model of
the cornea are established respectively. The hyper-
elastic property of deformation-recovery and time-
dependent viscoelastic property should be considered
at the same time under loading conditions. In general,
it can be attributed to the non-linear hyper-viscoelastic
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problem. It is a complex problem in the field of solid
mechanics, because the relationship between the de-
formation rate and time rate is a series of energy con-
version behavior. In this paper, two properties add up
to affect the state of corneal tissue, but not to consider
the relationship which will be discussed as the fol-
lowing research contents.

3. Results

3.1. The parameters
of the corneal model

In order to get accurate data under our testing
condition that is consistent with the later extrusion
experimentation, the parameters of the corneal model
are obtained by uniaxial tensile test and stress-
relaxation test, and methods of these tests are the
same as previous study [9], [30]. In this paper, por-

@ (b)

cine corneas are taken as the test subjects because it is
easier to obtain than human cornea, and test subjects
are 20 fresh porcine eyes, slaughtered within eight
hours. Corneas are cut into rectangular strips that are
about 12 mm x 4 mm, as shown in Fig. 3(a) and (b).

Corneal strips should be placed for two hours in
order to eliminate the effects of internal stress, and the
strips of naturally curved cornea are straightened to
conduct the test. During the test, scleral strips and
corneal edges are clamped with biological material
holder, as shown in Fig. 3(c).

In the uniaxial tensile tests, the strips are stretched
until they broke in the speed of 20 mm/min. Ten times
tests would be done respectively, and the related data
are recorded, such as axial tension F and strip length /.
Then, the stress and the strain can be calculated by
o=F/A and €= [/l — 1. In the formula, A4 is the initial
value of cross-sectional area where the thickness is
corneal mean thickness, and /, is the initial length. The
relationship of stress-strain is indicated in Fig. 4(a)
based on Gauss curve fitting about the average values
of test datas, and the fitting equation is expressed by

cal materia

©

Fig. 3. Corneal uniaxial tensile test: (a) cornea is cut into rectangular strips, (b) corneal strip, (c) the test
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Fig. 4. The relationship curves of corneal stress-strain. (a) Fitting curve based on test results corresponding to equation (27);
(b) Comparison diagram in different testing conditions. @ Numerical simulation curve based on Mooney—Rivlin coefficient in ABUQUS;
b The stage OB of figure (a); ¢ Zeng et al. [30], fitting curve over ten tests; d Elsheikh et al. [9], fitting curve over thirty-four tests;
e Bryant et al. [5], average value curve of nine tests
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Table 2. Statistics on corneal stress—strain in uniaxial tensile tests

Test Point A Point B Point C

Group Stress (MPa) Strain Stress (MPa) Strain Stress (MPa) Strain

i 0.74 0.21 3.21 0.35 4.14 0.42

ii 0.68 0.15 2.51 0.29 3.92 0.35

iii 0.78 0.13 2.76 0.23 3.67 0.31

v 0.74 0.19 2.99 0.33 3.74 0.41

v 0.72 0.14 3.71 0.27 4.63 0.35

vi 0.70 0.18 3.51 0.39 4.39 0.48

vii 0.83 0.20 2.89 0.31 3.22 0.43

viii 0.64 0.12 3.92 0.27 4.66 0.34

ix 0.77 0.20 3.83 0.37 4.59 0.45

X 0.79 0.19 3.16 0.33 4.14 0.38

Mean 0.74 0.17 3.25 0.31 4.11 0.39

Variance 0.057 0.032 0.479 0.049 0.477 0.054
c—041) model in ABAQUS. Assuming cornea is homogene-
o(e)=3.51exp —(—j ous material with uniform mechanical property, and
0.10 strip model of the cornea is established based on
2 Mooney—Rivlin coefficients. Simulation data are out-
+2.11exp| — (‘9_—0%} (27) put by post-processor. The simulation curve of corneal
0.11 stress-strain, as shown in the curve a of Fig. 4(b),

As can be seen from Fig. 4(a), there are three
demarcation points (i.e., A, B, and C) on the curve,
and the statistical data of ten tests is shown in Table 2.
Firstly, the corneal tissue is in a normal physiologi-
cal stage before point A, and corneal stress is non-
linear rising with the strain. Secondly, stress-strain
relation of the cornea presents an obvious linear
feature in the dangerous stage (as shown in the
stage AB), which means corneal tissue will not be
damaged during a short period. However, the over-
all function of the cornea will gradually deteriorate
under this state for a long term. Finally, cornea will
lose activity in failure stage, i.e., the stage BD, and
corneal strip has broken due to excessive load at
point C. In our case, corneal hyperelastic model
does not consider the mechanical properties in the
failure stage. Based on test data in stage OB, the
Mooney—Rivlin coefficients can be determined, i.e.,
Cio = 10.59 and Cy; = —-11.20. So, the Mooney—
Rivlin hyperelastic constitutive model of the cornea
may be described as

W =10.59(1, —3)—11.20(1, - 3) . (28)

It shows that equation (28) is the fitting equation
of high-precision for test datas. Hyperelastic property
of the cornea is simulated to verify the above consti-
tutive model and measure the effectiveness of the

shows a nonlinear feature.

Similarly, stress-relaxation tests of corneal strip
have been carried out to determine viscoelastic pa-
rameters of the cornea. The strips are stretched up to
1.25 times their length (i.e., 4 mm) at 120 mm/min.
Maintaining this status, the related data are collected
at the frequency of 10 Hz. Ten times tests would be
done respectively, and statistics of initial stress and
last stress are shown in Table 3. The time is set
to 1000 s when the stress has been basically stable.
Otherwise, biological tissue will lose its original prop-
erty due to dehydration.

Table 3. Statistics on stress in stress-relaxation tests (MPa)

Test Group Initial stress Last stress
i 2.61 0.96
il 2.98 1.11
il 1.96 0.86
iv 2.36 0.77
v 1.90 0.84
vi 2.25 0.81
vii 2.10 0.69
viii 2.39 0.84
ix 2.91 1.02
X 1.87 0.89
Mean 2.33 0.88
Variance 0.40 0.12
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According to corneal viscoelastic model, i.e.,
equation (20), the number of [M] model requires spe-
cial consideration. In order to describe the mechanical
behavior and calculation speed, the study finds that
corneal stress-relaxation can be accurately reflected
when i = 4, taking the model accuracy into considera-
tion. The mathematical expression is a relatively sim-
ple viscoelastic model. Based on normalization of the
data from the ten tests, corneal stress-relaxation curve
is fitted by the modified Maxwell viscoelastic model
of the cornea, as shown in Fig. 5(a). And the model
may be described as

4
G(t)=) Ee"'" +Es, (29)
i=1

where E; is relaxation modulus (unit: MPa), and 7; is
relaxation time (unit: s), expressed by

(E\,E,,E,E,,E5)=(0.69, 0.43, 0.31, 0.40, 0.43)
and
(1), 7y, 73, 7,) = (8.83, 65.33, 876.93, 2.84x10%).

It is observed that the behavior of the cornea is
composed of an immediate stiff response, a transient
relaxation phase, and a final steady-state stage, under
stepwise stress-relaxation compression [14]. In the final
steady-state stage, the stable value reflects internal
residual stress of the cornea. The viscoelastic model
described by equation (29) sets the non-linear relation
between stress and strain. According to the test condi-
tions and results, its elastic part is linear when elastic
strain is less than 0.25 for corneal material experiment.
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Corneal viscoelastic model based on Prony coefti-
cient is simulated in ABUQUS, and the normalized
curve of stress-relaxation property is shown in the
curve a of Fig. 5(b). By comparing curve a with curve
b in the figure, it can be observed that the simulated
results are consistent with the experimental data.
Moreover, the original data reported by different
authors are summarized in Fig. 4(b) and Fig. 5(b),
where Bryant et al. [5] tested corneal mechanical
properties in the pressure eye, Elsheikh et al. [9] and
Zeng et al. [30] measured corneal material properties
by uniaxial tensile test. As described in the Introduc-
tion, some differences between the sets of test results
are observed because of different testing conditions or
testing protocols, but the results are consistent about
scope and trend.

3.2. Verification by extrusion
in vivo cornea

Using Instron 5848 Micro Tester, extrusion ex-
periments of in vivo porcine cornea have been done,
as shown in Fig. 6. The eye should be embedded in
a vessel that had been fixed in the workbench, as
shown in figure (b). Extrusion velocity is 1 mm/s.
Eight experiments would be done respectively to ob-
tain accurate data, including extrusion force and dis-
placement. Fitting the average value measured by
eight experiments, the relationship between force and
displacement is shown in the curve a of Fig. 7(a). As
can be seen from the curve, the force is approximated
nonlinear growth with the increment of extrusion dis-
placement in general.
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Fig. 5. Corneal stress-relaxation curves. (a) Test results corresponding to equation (29).
(b) Comparison diagram in different testing conditions. @ Numerical simulation curve based on Prony coefficient in ABUQUS;
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Then, based on corneal hyper-viscoelastic model
above, the process of extrusion in vivo cornea was
simulated in ABAQUS. It provides a quantitative
judgment basis for corneal deformation and verifies
the IOP and corneal constraints in surgery simula-
tion.

e Modeling. According to the eyeball structure de-
scribed in Fig. 1 and Table 1, eyeball model can be
built in ABAQUS, where the corneal material
properties are set as the same as the simulation
above. Based on the actual state of the eye, cornea
is constrained by sclera which is simplified as an
elastomer, and material behaviors of the sclera can
be described by elastic modulus £ = 3.08 MPa and
Poisson’s ratio u = 0.49 [2], [3].

e Load. The lower hemisphere of the eyeball is
fixed, as shown in Fig. 8(a). The briquetting
presses cornea with a speed of 1 mm/s, and the
extrusion time is 4 s. Besides, the value of IOP is
17.5 mm Hg (i.e., 2.33x10° MPa).

e Interaction. The lower surface of briquetting is set
as master surface of interaction, and the outer sur-
face of the eyeball is the slave surface. Interaction
is edited to finite sliding, discretization method of
surface to surface, frictionless tangential behavior,
and pressure-overclosure normal behavior of hard-
contact.

The extrusion results of experiment and simula-
tion are shown in Fig. 7(a). Obviously, there are two
relatively distinct inflection points A and B in the
force-displacement curves. Analyzing corneal struc-
ture and the extrusion process, stage OA indicates
the deformation of central pupillary zone, and the
zone is flattened at point A corresponding to Fig. 8(a).
Stage OB manifests the deformation of whole cor-

nea, and the cornea is flattened at point B corre-
sponding to Fig. 8(b). During extrusion process, the
force is growing exponentially at the beginning, and
the rising trend reaches the minimum at point B due
to the impact of connecting structure between cornea
and sclera. The force will rapidly increase again with
displacement after point B, and sclera and other
structures of the eye are extruded in the stage. By
comparing the two curves, the change of the simula-
tion curve is more noticeable, since it is obtained in
the ideal conditions.

The displacements for the hyperelasticity do not
depend on time. Certainly, different extrusion veloci-
ties are set to determine the difference with the vis-
coelasticity as the velocity of loading, and the results
show that the difference is barely noticeable. In order
to explain the necessity of IOP, extrusion simulation
results under different IOP are shown in Fig. 7(b). The
simulation can not be completed if IOP is set too
small. For example, the simulation was interrupted at
2.35 or 2.65 mm when P = 0 or 1.75 mmHg. Simi-
larly, if IOP is set too large, e.g., P = 175 mmHg, it is
inconsistent with the actual situation that the force
will change too much with the displacement.

In the extrusion simulation, parts of stress and
strain nephograms are described in Fig. 8. Corneal
central pupillary zone flattened at the displacement is
1.1 mm, as shown in figure (a); the whole cornea is
flattened, as depicted in figure (b) and (d). In figure
(¢), significant elastic deformation occurred at uncon-
strained sclera in addition to extrusion of the cornea.
Of course, there are many factors affecting eyeball
deformation, e.g., local deformation, unequal force,
etc. So, the simulation can only simulate corneal de-
formation in ideal conditions due to limitations of
parameter settings.

4. Discussion

Currently, many scholars have done a lot of work
and achieved some results in corneal biomechanics,
but it still encounters with various problems in clinical
application. This paper discusses a biomechanical
model that relates to the significant characteristics of
corneal material: hyperelastic and viscoelastic. The
ability of the model to reproduce the behavior of hu-
man cornea opens a promising perspective for nu-
merical simulation of corneal microsurgery.

The constitutive models of hyperelastic material
include neo-Hookean model, polynomial form model,
Yeoh model, and Mooney—Rivlin model, etc. [17].
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The Mooney—Rivlin model is most widely used in
finite element analysis because it is simple and practi-
cal, and it can describe the mechanical properties of
the homogeneous hyperelastic materials under large

deformation. Hyperelastic model of the cornea has
been built based on Mooney—Rivlin theory, which can
be simplified as a linear equation with two unknowns
after a series of mechanical derivation. In the vis-
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coelastic mechanics, a modified Maxwell model is
constructed where an elastic element is connected in
parallel with the generalized Maxwell model. Com-
paring with the existing viscoelastic model such as
Burgus model, modified Burgus model, and general-
ized Maxwell model [2], [13], the modified Maxwell
model of the cornea is simple and intuitive, and it can
accurately describe viscoelastic of corneal material. If
the action time of the external load is longer enough,
the internal stress of the material will gradually close
to a fixed value [14], which can be shown by paral-
leled elastic element [E] in the model.

There are two means to describe the biomechani-
cal properties of the cornea: swelling test of in vitro
cornea and tensile test of corneal strip [5], [16]. The
swelling test is close to physiological state of the cor-
nea, but it can only obtain one-dimensional data of the
material. Although affected by the initial state, the
tensile test can reflect corneal anisotropy. In order to
get accurate data under our testing condition that is
consistent with the later extrusion experimentation,
the parameters of corneal hyper-viscoelastic model
have been obtained by uniaxial tensile test and stress
relaxation test. They describe the biomechanical prop-
erties that are broadly in line with the results of previ-
ous publication, even though there are some differ-
ences in the accurate results due to different testing
conditions [5], [9], [29], [30]. Based on the hyper-
viscoelastic model, the stress-strain relationship and
stress-relaxation characteristic are presented in the
simulation of corneal material. Taken together, simu-
lations and tests show consistent results to validate the
validity and applicability of the hyper-viscoelastic
model in ABAQUS.

In corneal microsurgery, cornea is one part of the
eye rather than as strip isolated. So, an in vivo model
of the cornea is built, which can be used to simulate
diagnosis and treatment of corneal disease, and it is
validated by extrusion experiment and simulation. In
the eyeball, there is close association between cornea
and sclera, and they together constitute the outer wall
of the eye. So the cornea is constrained by the sclera
that is simplified as an elastomer, and the results show
that it is an effective way to deal with constraint
problem of the cornea.

Cornea will be deformed during surgery, wherein
the deformation in vertical direction is not only com-
pletely caused by the cornea, but also includes defor-
mation of the whole eyeball. This property, which
reflects eyeball deformation under loads, is called
overall stiffness of the eyeball. Previous research data
show that the stiffness in various parts of the eyeball
makes a little difference, and the relationship between

extrusion force and displacement can serve as a useful
reference for overall stiffness of eyeball [1], [23]. In
general, the force—displacement curve obtained by the
simulation is consistent with the experimental result,
and some differences can be ignored as the reality
organisms always have some factors that can not be
simulated, such as local deformation and unequal
force.

In this paper, the porcine cornea is taken as the test
subject to determine the hyper-viscoelastic model of
the cornea. The human cornea has a siginificantly
different anatomical construction, and in mechanics, it
is significantly stiffer than the porcine cornea so that
the human cornea can sustain the stress for longer
under long-term loading. The porcine cornea is not an
acceptable substitute for a human cornea [9]. But this
paper discusses hyper-viscoelastic property of the
cornea to construct a biomechanical model, which
does not involve the physiological state, and in this
respect there are some similarities between human and
pig. The proposed method has the certain adaptability
in biomechanical research of human cornea.

This hyper-viscoelastic model is relatively simple
and suitable for digital modeling of corneal material.
We are evaluating the possibility to perform the
simulation of corneal surgery based on the results of
this study. With further biomechanical research we
will explore ways to implement real-time simulation
of keratoplasty combining robotics and finite element
methods.
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