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Abstract

The process of lens shape change in the eye to alter focussing (accommodation) is still not fully understood. Modelling
approaches have been used to complement experimental findings in order to determine how constituents in the accommoda-
tive process influence the shape change of the lens. An unexplored factor in modelling is the role of the modelling software
on the results of simulated shape change. Finite element models were constructed in both Abaqus and Ansys software using
biological parameters from measurements of shape and refractive index of two 35-year-old lenses. The effect of zonular
insertion on simulated shape change was tested on both 35-year-old lens models and with both types of software. Comparative
analysis of shape change, optical power, and stress distributions showed that lens shape and zonular insertion positions affect
the results of simulated shape change and that Abaqus and Ansys show differences in their respective models. The effect of
the software package used needs to be taken into account when constructing finite element models and deriving conclusions.
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Introduction

The human eye lens has been studied from biological, opti-
cal and more recently biomechanical aspects to try and
understand structure and function relationships that can
explain the process of accommodation: how the lens changes
shape to adjust the focussing power of the eye and its grad-
ual loss with age, presbyopia. The classical explanation of
Helmholtz [1] has been challenged and most recently so by
the theory of Schachar [2] for which supporting evidence
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has been found [3, 4]. As the ciliary muscle contracts and
relaxes, it alters the tension on the zonular fibres attached
to the lens capsule thereby altering the shape and thickness
of the lens allowing it to change the focus of the eye to meet
visual demands. The fundamental differences in the theo-
ries of Helmholtz and Schachar are in the contribution of
the various sections of the zonule to the change in shape of
the lens. The changes in zonular tension as the lens alters
shape are very difficult to measure in the living eye. Hence,
finite element modelling has been applied to complement
experimental studies and glean more about the mechanism
of accommodation. It is vital that models are constructed
based on biological data and biometric parameters of the
lens as well as accommodative components in order to rep-
resent the physiologically situation.

However, no models to date can claim to be truly repre-
sentative of the accommodative system let alone to under-
stand individual variations in the component structures
that mediate and control the forces of accommodation. The
zonule has been modelled as an element with two or three
branches that meeting at the same point [5-9]. Biologically,
the zonule comprises many ligaments in separate bundles
and these ligaments are joined or inserted at one end to the
capsule of the lens and at the other to the ciliary muscle. The
positions of insertion are not known and could vary between
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individuals. Recent modelling work has indicated that the
insertion positions of the zonule have a significant impact on
the forces mediated to the lens and on the consequent shape
changes induced [3, 10, 11].

Modelling requires accurate material properties, and
these have largely come from the seminal work of Fisher
[12] who measured material properties of different aged
lenses using centrifugal force to alter the shape of the lens
in order to simulate accommodation. Fisher reported that the
elastic modulus of the lens nucleus was smaller than that of
the cortex [12]. More recently, Wilde et al. [13] used similar
experimental methods and found that in younger lenses, the
nuclear shear modulus was smaller than that of the cortex,
indicating that the cortex was stiffer at this stage, but that
from about age 45 onwards, the nucleus was stiffer than the
cortex [13]. Brillouin scattering analysis has also been used
to measure longitudinal modulus of the lens in living eyes
and this was found to correlate highly with the profile of
refractive index in the lens [14].

Variations in results, with regard to material properties,
have been reviewed and shown to be dependent on experi-
mental methods used [10]. Yet to date, there have not been
any studies that have compared models created by differ-
ent software to elucidate whether variations in software
principles and algorithms can have a discernible effect on
results of modelling lens shape change. Any differences in
modelling arising from software used need to be known so
that there is no over reliance on any single software model
type in trying to improve understanding of accommodation,
presbyopia and/or for aiding design of intraocular implants.

Methods

Three-dimensional quarter lens geometric models were
developed using 3D CAD software SolidWorks (ver. 2021),
which were then imported into Finite Element Analysis
software Abaqus (ver. 2022) and Ansys workbench (ver.
2021R2) for discretization and FE model development.

The geometries of developed models were based on the
images obtained from measurements of human lens refrac-
tive index contour profiles [15]. Two 35-year-old lenses
with different shapes were selected to construct 3D models
(Fig. 1). The purpose of using two lenses from the same age
with different shapes is twofold: it indicates that age is not
a determining factor in lens biometry and physiology, and
it allows investigation of how such differences may affect
results of models. In one of the lenses, the anterior and pos-
terior curvatures are similar resulting in the equatorial plane
being approximately central (the symmetrical lens) (Fig. 1a);
the other has a posterior surface that is more curved than
the anterior resulting in the equatorial plane being shifted
anteriorly (the asymmetrical lens) (Fig. 1b).
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Fig. 1 Finite element models of two 35-year-old lenses, in which a is
symmetric and b is asymmetric.

Geometry of the Model

Each model consists of the lens nucleus, the lens capsule,
zonular fibres and the lens cortical sections which were
divided into 12 layers (Fig. 1), according to the respec-
tive refractive index profiles [15]. The zonule was sepa-
rated into three sections: the anterior, the equatorial and
the posterior zonular sections. Each section consists of 17
cylinders, representing zonular fibres, each of which was
1.5 mm in length and 0.025 mm in radius [3]. The capsule
in each model has a constant thickness of 6 microns [16].
The zonular fibres are attached to the capsule in the equa-
torial plane i.e. 0° to the lens, and at an angle of 15 ° to the
equator in anterior and posterior directions (Figs. 2 and 3).

In order to test how zonular anchorage position influ-
ences shape change, optics and biomechanics, two differ-
ent locations of insertion points were selected for each
lens model. For both models, the point on the lens contour
with a tangent slope of 0° was chosen as the insertion
point of the equatorial zonule. The insertion position of
the anterior zonule was obtained according to the formula
provided by Sakabe et al. [17], and the insertion posi-
tion of the posterior zonule was selected within the range
of its insertion position [18]. For the asymmetric model,
the insertion point of the anterior zonule was selected
at a distance of 1.0 mm from the equatorial plane. The
insertion points of the posterior zonule were selected at
locations 1.2 mm and 1.6 mm from the equatorial plane.
For the symmetric model, the insertion points of anterior
zonule were at a distance of 1.0 mm from the equatorial
plane and locations of 1.0 mm and 1.4 mm from the equa-
torial plane were selected as different insertion positions
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Fig.2 Zonular insertions showing the two variations in posterior zonular position in the a asymmetric model and b symmetric model.

Fig.3 The insertion angles of zonular fibres (sagittal view)

of the posterior zonule. The insertion positions of the two
posterior zonule in the asymmetric model were named
position “A” and “B”, respectively, and the insertion
positions of the two posterior zonule in the symmetric
model were named “C” and “D”, respectively. The same
geometric parameters were used to build models in both
Abaqus and Ansys.

Material Properties

Each layer of each model was assigned a different Young's
modulus based on the data from Fisher for 35-year-old lenses
[12] and distributed in accordance with the gradient index
profiles previously measured for these lenses [15]. This was
done by adding 0.5 MPa per layer from the innermost to the
outermost layer to make the average for all layers concur
with the equivalent modulus from Fisher's data (Table 1).
Young's modulus was 0.35 MPa and 1.5 MPa for the zonule
and capsule, respectively [19, 20]. Poisson's ratio was 0.49
for the entire lens and 0.47 for the capsule and zonule [12,
21].

Mesh and Boundary Conditions

The lens was meshed using 8-node solid element (ANSYS
element type: Solid185, KEYOPT(3)=0, KEYOPT(6)=1;
ABAQUS element type: C3D8H). The capsule was discre-
tized using 4-node membrane element (ANSYS element
type: Shell181, KEYOPT(3)=0; ABAQUS element type:
M3D4H). In both Abaqus and Ansys, the capsule was set
as a skin (or face-coating) during meshing, so the shape
of the capsule mesh followed the lens mesh. The zonule
was modelled as 2-node beam element (Ansys element type:
Beam188, KEYOPT(1)=0, KEYOPT(3) =0, Abaqus ele-
ment type: B31H).

Table 1 Young's modulus of
each layer of the lens according

Young's modulus for each layer of lens models (KPa)

Average modu-

lus of cortex

to Fisher's data Nucleus Cortex (Kpa)
Layer 1 2 3 11 12 13
Modulus 0.6 1.1 1.6 5.6 6.1 6.6 3.85
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The asymmetric Ansys model contains 70703 nodes
and 68787 elements; the asymmetric Abaqus model con-
tains 73127 nodes and 71187 elements. The symmetric
Ansys model contains 70670 nodes and 68787 elements;
the symmetric Abaqus model contains 71708 nodes and
69811 elements. A mesh independence analysis was per-
formed for both software types.

The two orthogonal cross-sectional planes of each lens
model were set as symmetrical planes, so that the quarter
model had the same deformation effect as the full model.
The centre of the lens was constrained in all degrees of
freedom. The free end (node) of each zonule was set to
move in a radial direction, whilst the end (node) in con-
tact with the lens was connected to the capsule on the
lens surface. In Abaqus, a coupling constraint was used to
connect the node of zonule with the surrounding capsular
nodes. In Ansys, a bond contact relationship was used,
and Multiple Points Constraint (MPC) formulation was
selected to connect the zonular node to the same capsule
nodes as the nodes selected in Abaqus. Kinematic cou-
pling in Abaqus constrains the motion of the coupling
nodes to the rigid body motion of the reference node and
eliminates degrees of freedom at the coupling nodes. The
MPC formulation in Ansys adds a connection between
nodes to limit the degree of freedom of the nodes. There
is no major difference in principle between the two meth-
ods of contact.

A displacement of 0.5 mm was applied to each zonule
and the displacement on each zonule was in the radial
direction. Stresses are shown as von Mises stresses.

Fig.4 Stress distribution results (a)
of the asymmetric lens models

showing two zonular combina-

tions for the models in Ansys

and Abaqus, where a shows the

model using combination A,

calculated in Ansys, b shows

the model using combination A,

calculated in Abaqus, ¢ shows

the model using combination

B, calculated in Ansys, d shows

the model using combination B,

calculated in Abaqus (©)
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Calculation of Optical Power

For each combination of zonular insertion points, the lens
surface shape was extracted and nodes within the central
region of 6 mm diameter were fitted using the curve fitting
tool in MATLAB (ver.2019).

The Central Optical Power (COP) of the lens models was
calculated based on Eq. (1)

2
n, —n, n; —n, tin, —n
COP = 1 d+ 1 a (1 a)’ (1)

T, o Tl

where n,=1.336 is the refractive index of aqueous humour,
n;=1.42 is the equivalent refractive index of the lens [9, 22],
r, and r, are the anterior and posterior radius of curvature
and t is the thickness of the lens model.

The radii of curvature of the anterior and posterior sur-
faces were obtained by fitting the circle using the least square
method for the axial and paraxial regions (extending 1.5 mm
either side of the optic axis) in MATLAB (ver.2019). The
thickness of the lens was obtained by calculating the length
of the central axis of the model.

Results

The stress distributions of the asymmetric and symmetric
lens models after simulated stretching, with two zonular
combinations, in Ansys and Abaqus software are shown
in Figs. 4 and 5, respectively. Different colours represent
different stress ranges, with specific von Mises stress val-
ues in Megapascals (MPa) shown. The stress distributions
vary between models constructed in Ansys and in Abaqus.
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Fig.5 Stress distribution results (@) m1.29-3
of the symmetric lens models 1.15e-3
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binations in the two software. 8.740-4
where a shows the model using '
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Ansys, b shows the model using 5.95e-4
combination C, calculated in 4.56e-4
Abaqus, ¢ shows the model 3.16e-4
using combination D, calculated 1.77e-4
in Ansys, d shows the model 3.75e-5
using combination D, calculated
in Abaqus. (C) g1.30e-3
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For the asymmetric lens (Fig. 4), the maximum stress in
the Ansys model is greater than the maximum stress in the
Abaqus model for both zonular combination A (1.18e-4 MPa
compared to 1.03e-3 MPa in the Abaqus model) and com-
bination B (1.21e-3 MPa compared to 1.04e-3 MPa in the
Abaqus model). The high stress of the Ansys model is
mainly reflected around the equatorial region (Fig. 4a and
¢). There is a more defined stress variation in the cortical
region around the equator in models constructed with Ansys
for both zonular combinations (Fig. 4a and c¢) compared with
their counterparts in Abaqus in which the stresses are more
distributed (Fig. 4b and d). In the two zonule combinations,
stretching of the zonule in Abaqus models produced a larger
range of stress increases (Fig. 4b and d). The effect of vary-
ing posterior zonular insertion points is seen when compar-
ing Fig. 4a with ¢ or b with d. With the insertion position of
the posterior zonule placed further from the equator (Fig. 4c
and d), the stresses are more distributed than for models in
which the posterior zonule is closer to the equator (Fig. 4a
and b).

The contours of stress are less widely distributed in the
symmetric (Fig. 5) than the asymmetric models (Fig. 4),
especially around the anterior and posterior pole. The maxi-
mum stress magnitudes are higher in models constructed
with Ansys than the same models constructed in Abaqus
(seen in comparison of Fig. 5a with ¢ and Fig. 5b with d).
There are several localized stress concentrations around the
cortico-nuclear region in the models constructed with Ansys
(Fig. 5a and c); these are not seen in the models constructed
with Abaqus (Fig. 5b and d). In Ansys models (Fig. 5a and
¢), lower stress region can be seen between zonular insertion
positions, which is not obvious in Abaqus models (Fig. 5b
and d). The zonular stretching appears to have a greater
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effect on the localized stress distribution in Abaqus models
than in Ansys models.

The radii of curvature of the anterior and posterior sur-
faces and the calculated Central Optical Power (COP) for
both lenses before and after simulated stretching are shown
in Table 2. The results show that because the symmetric lens
models have more curved surfaces and hence larger initial
COP values than the asymmetric lens models. For both mod-
els in Ansys and Abaqus, the COP of the symmetric model
changed more than the asymmetric model after simulated
stretching.

Comparing the different zonular combinations, there is
a greater change in COP with stretching when the poste-
rior zonule is further from the equator for both lenses and
both software models. There is an increase in 0.9D to 1D
in COP when the posterior zonule moves further from the
equator in all models (Table 2). When results of simulated
stretching in Abaqus and Ansys are compared there is very
little difference in change of COP for simulated stretching
in Ansys than in Abaqus for both lenses and both zonular
combinations. The differences in COP between Ansys and
Abaqus are 0.21D and 0.17D for zonular combination A
and B, respectively, in the asymmetric lens, and 0.38D and
0.37D for zonular combination C and D, respectively, in the
symmetric lens.

The changes in lens shape with simulated stretching for
zonular combinations A and B applied to the asymmetric
model in Ansys and Abaqus software are shown in Supple-
mentary Figs. S1 and S2. The displacement of anterior pole,
posterior pole, and equator is shown in Table 3.

The shifts of the poles and hence the deformation of
the lens with simulated stretching are greater for zonular
combination B than for A i.e. when the posterior zonule
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Table 2 Radii of curvature of anterior and posterior lens surfaces and Central Optical Power (COP) of models

Model and software Zonular insertion Surface Initial Radius after Initial COP (D) COP after Variation
combination radius (mm) stretching (mm) stretching (D)  of COP
D)
Ansys asymmetric model A Anterior 10.96 13.16 19.48 16.53 2.95
Posterior 6.94 8.13
B Anterior 10.96 13.35 15.63 3.85
Posterior 6.94 8.84
Ansys symmetric model C Anterior 5.33 6.99 31.75 25.09 6.66
Posterior 5.00 6.21
D Anterior 5.33 7.00 24.11 7.64
Posterior 5.00 6.71
Abaqus asymmetricmodel A Anterior 10.96 13.03 19.48 16.74 2.74
Posterior 6.94 8.01
B Anterior 10.96 13.23 15.8 3.68
Posterior 6.94 8.73
Abaqus symmetric model C Anterior 5.33 6.89 31.75 25.47 6.28
Posterior 5.00 6.12
D Anterior 5.33 6.89 24.48 7.27
Posterior 5.00 6.61

Table 3 Anterior and posterior shift in different asymmetric models

Model Ansys Abaqus
Combination A B A B
Anterior shift (mm) 0.1403 0.1446 0.1316 0.1391
Posterior shift (mm) 0.1769 0.1909 0.1661 0.1796
Equatorial shift(mm) 0.2033 0.1981 0.1751 0.1692

is further away from the equator. The deformation of the
posterior surface is larger than that of the anterior surface,
and greater for models in Ansys than in Abaqus (Sup-
plementary Figs. S1-S4). As the posterior zonule moves
away from the equator, the displacement of both the ante-
rior and posterior poles increases, with the latter showing
the greater displacement. The equatorial displacement
decreases as the posterior zonule moves away from the
equator in the Ansys and Abaqus models, with the latter
showing the smaller displacement.

Supplemental Fig. S3 and S4 show the changes in shape
of the symmetrical lens with simulated stretching for both
zonular combinations C and D with Ansys and Abaqus.
The displacement of anterior pole, posterior pole and
equator is shown in Table 4. The anterior and posterior
poles of the symmetric model deform more under the same
displacement than the asymmetric model for both Ansys
and Abaqus. Conversely, the equatorial displacement of
the asymmetric models is slightly greater than that of the
symmetric models.

@ Springer

Table 4 Anterior and posterior shift in different symmetric models

Model Ansys Abaqus
Combination C D C D
Anterior shift (mm) 0.1776 0.1819 0.1668 0.1721
Posterior shift (mm) 0.1911 0.2059 0.1799 0.1954
Equatorial shift(mm) 0.2007 0.1946 0.1737 0.1672

Discussion

In this study, several models based on the refractive index
profiles of two human lenses of the same age obtained by
X-ray phase contrast tomography were constructed using
two finite element analysis software packages. The results
show the influence of lens shape and zonular insertion
positions on lens optical power and on stress distributions
with simulated shape change of the lens.

When comparing stress distributions after simulated
shape change, for both asymmetric (Fig. 4) and symmetric
lens models (Fig. 5), the stress distributions were similar
in Ansys and in Abaqus. However, the stress ranges vary
between software models for both lenses; the main differ-
ence in stress can be found in the zonular insertion region,
especially around the equator (Figs. 4 and 5). The differ-
ence in deformation of the lens at the zonular insertion
position is seen in Supplementary figures, where combi-
nation A of Supplementary Fig. S1 and combination C of
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Supplementary Fig. S3 show a more obvious difference in
the calculation results of the two software types.

Stress is a measure of internal resistance of a material
in response to external forces and in the case of the eye
lens, the distribution of stress is determined by a range of
factors including the lens geometry, internal stiffness dis-
tribution, the angle of zonular force and location of zonular
anchorage position on the lens capsule and ciliary muscle
[10]. The influence of material properties on the distri-
bution of stress has been demonstrated previously using
models developed both in Ansys [22] and in Abaqus [4].
Models developed with a uniform stiffness across the whole
lens tend to develop a stress concentration region near the
nuclear-cortical boundary [4, 22]; such high stresses can
be gradually reduced with an increasing number of corti-
cal layers of gradient elastic moduli [22] and be eventually
eliminated with models of linearly changing cortical elastic
moduli [3]. Indeed, models in which stresses are well dis-
tributed would be of great advantage in further studies of
lenses with irregularities in structure such as those resulting
from opacifications seen with cataract. In such cases, local-
ised stresses that represent pathological features could be
properly distinguished. Stress distributions demonstrated by
models developed in the present study correspond well with
those reported previously apart from the high stress region
in the lens equator (Figs. 4 and 5). This may be attributed
to the different lens shapes and different constraint methods
adopted in the present study.

The developed models have demonstrated differences
in curvature and COP change with simulated stretching
between Ansys and Abaqus models with COP change of
up to 7.64D, which corresponds to the accommodative
range of lenses from the fourth decade [23]. When compar-
ing the shape changes caused by simulated stretching, the
results showed that for both the asymmetric (Supplementary
Figs. S1 and S2) and symmetric models (Supplementary
Figs. S3 and S4), a greater amount of shape change was
produced for models created in Ansys than for models cre-
ated in Abaqus. The models for the symmetric lens produced
greater changes in COP after simulated stretching than their
counterpart asymmetric lens models (Table 2) and this con-
curs with findings from a previous study which showed that
lens geometry changes play an important role during accom-
modative loss [24]. The lens continues to grow with age by
continued addition of lens fibre cells, but these are not nec-
essarily equally elongated across the anterior and posterior
surfaces, hence the manifestation of this growth process is
that the older lenses can be more asymmetric than younger
lenses [15]. In addition, individual variations exist [15] as
seen in the two lenses from which models were derived in
this work. For both asymmetric and symmetric lenses, mod-
els created in Ansys and Abaqus showed greater shape and
COP changes for zonular combinations where the posterior

zonular insertion is further from the equator (combinations
B and D) than when it is closer to the equator (combinations
A and C). These differences in COP are at the level of clini-
cal significance: around 0.9D in asymmetric model and 1D
in symmetric model (Table 2).

Wang at al [3] have shown that the different zonular
angles can have a large impact on the results. This study
confirms these previous findings and shows additionally that
lens shape, which is not necessarily indicative of lens age,
has a significant effect on results of modelling simulated
shape change. This has implications for modelled distri-
bution of stresses and for change in optical power. These
findings collectively indicate that models created in Ansys
manifest greater deformation and local stresses around the
points of zonular insertions and stresses that are not as well
transferred across the lens surface than for models gener-
ated in Abaqus, even with the use of constraints and mesh
that are as similar as possible. Well-distributed stresses
over the lens surface may confer a biological advantage
because this would reduce localised areas of high stress
that could adversely affect tissue function. Whilst the dif-
ferences in models created by the two software types are
linked to intrinsic settings within the packages, it is vital to
understand what effect such differences can have on models
created and that they cannot be appreciated in studies that
have used a single finite element modelling software for
simulation of lens shape change [25-27]. The findings of
this study also have implications for intraocular lens (IOL)
design. The effect of the zonule on the lens is important for
the effective accommodating IOLs. Hence, even subtle dif-
ferences in the deformation of the capsule modelled using
different software can affect potential design and predicted
performance of the IOL.

Finite element modelling of biological systems has
increased in the last two decades and is an integral com-
plement to experimental investigations. Modelling of the
accommodative system has enabled studies of regions
that are difficult to image and hence difficult to accurately
measure experimentally. However, as with any investigative
method, modelling has its limitations. The models and the
results that they produce are dependent on input parameters.
They are also influenced by the software packages.

The findings of this study show that even with identical
input parameters, lens shape and zonular insertions, there
will be differences in optical and biomechanical results
depending on which Finite Element modelling software
package is used. The stress ranges vary significantly with
higher localised stresses seen in models created with one
package than with another. Indeed, there were greater dif-
ferences between models created with Ansys and Abaqus
for the same zonular combination than between models with
different zonular combinations created with one software
package. Further refinement of software that would allow
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a combination of Ansys and Abaqus in a hybrid approach
would increase opportunities for producing models that
more closely mimic the biological tissue. It is notable that
although accommodative capacity and its loss are age-
related, individual variations in lens shape, size and refrac-
tive index need to be recognised [15]. Additionally, the two
lenses used in this study were specifically chosen to dem-
onstrate that results from a single lens model should not be
treated as indicative of all lenses from the same age range.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10439-024-03491-3.

Acknowledgements The authors acknowledge support from the
OBERON ITN.

Author Contributions BKP and LY contributed to the study conception
and design. LY, KW and JG implemented the modelling, LY performed
the simulations and prepared the figures. LY prepared the original draft.
BP, KW and JG contributed to writing-review and editing. All authors
read and approved the final manuscript.

Funding This research is supported by the Opto-Biomechanical
Eye Research Network” OBERON Marie Sktodowska-Curie Action
(MSCA) Innovative Training Network (ITN) EU MSCA-ITN-ETN
Proposal Number 956720 and National Natural Science Foundation
of China Grant No 12372301.

Declarations

Conflict of interest The authors declare that they have no conflict of
interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Charman, W. N. The eye in focus: accommodation and presbyo-
pia. Clin. Exp. Optom. 2008. https://doi.org/10.1111/j.1444-0938.
2008.00256.x.

2. Schachar, R. A. The mechanism of accommodation and presbyo-
pia. Int. Ophthalmol. Clin. 2006. https://doi.org/10.1097/00004
397-200604630-00006.

3. Wang, K., D. T. Venetsanos, M. Hoshino, K. Uesugi, N. Yagi,
and B. K. Pierscionek. A modelling approach for investigating
opto-mechanical relationships in the human eye lens. IEEE Trans.
Biomed. Eng. 2019. https://doi.org/10.1109/TBME.2019.29273
90.

@ Springer

10.

11.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

Belaidi, A., and B. K. Pierscionek. Modelling internal stress dis-
tributions in the human lens: can opponent theories coexist? J.
Vis. 2017. https://doi.org/10.1167/7.11.1.

Pour, H. M., S. Kanapathipillai, K. Zarrabi, F. Manns, and A.
Ho. Stretch-dependent changes in surface profiles of the human
crystalline lens during accommodation: a finite element study.
Clin. Exp. Optom. 2015. https://doi.org/10.1111/cx0.12263.
Burd, H. J., S. J. Judge, and J. A. Cross. Numerical modelling of
the accommodating lens. Vis. Res. 2002. https://doi.org/10.1016/
$0042-6989(02)00094-9.

Martin, H., R. Guthoff, T. Terwee, and K. P. Schmitz. Compari-
son of the accommodation theories of Coleman and of Helmholtz
by finite element simulations. Vis. Res. 2005. https://doi.org/10.
1016/j.visres.2005.05.030.

Abolmaali, A., R. A. Schachar, and T. Le. Sensitivity study
of human crystalline lens accommodation. Comput. Methods
Programs Biomed. 2007. https://doi.org/10.1016/j.cmpb.2006.
08.005.

Lanchares, E., R. Navarro, and B. Calvo. Hyperelastic modelling
of the crystalline lens: accommodation and presbyopia. J Optom.
2012. https://doi.org/10.1016/j.optom.2012.05.006.

Wang, K., and B. K. Pierscionek. Biomechanics of the human lens
and accommodative system: functional relevance to physiologi-
cal states. Progr. Retinal Eye Res. 2019. https://doi.org/10.1016/j.
preteyeres.2018.11.004.

Nankivil, D., B. Maceo Heilman, H. Durkee, F. Manns, K. Ehr-
mann, S. Kelly, E. Arrieta-Quintero, and J. M. Parel. The zonules
selectively alter the shape of the lens during accommodation
based on the location of their anchorage points. Investig. Oph-
thalmol. Vis. Sci. 2015. https://doi.org/10.1167/iovs.14-16082.
Fisher, R. F. The elastic constants of the human lens. J. Physiol.
1971. https://doi.org/10.1113/jphysiol.1969.sp008739.

Wilde, G. S., H. J. Burd, and S. J. Judge. Shear modulus data for
the human lens determined from a spinning lens test. Exp. Eye
Res. 2012. https://doi.org/10.1016/j.exer.2012.01.011.

Scarcelli, G., P. Kim, and S. H. Yun. In vivo measurement of
age-related stiffening in the crystalline lens by Brillouin opti-
cal microscopy. Biophys. J. 2011. https://doi.org/10.1167/iovs.
16-20143.

. Pierscionek, B., M. Bahrami, M. Hoshino, K. Uesugi, J. Regini,

and N. Yagi. The eye lens: age-related trends and individual varia-
tions in refractive index and shape parameters. Oncotarget. 10:12,
2015. https://doi.org/10.18632/oncotarget.5762.

Barraquer, R. I., R. Michael, R. Abreu, J. Lamarca, and F.
Tresserra. Human lens capsule thickness as a function of age and
location along the sagittal lens perimeter. Investig. Ophthalmol.
Vis. Sci. 2006. https://doi.org/10.1167/iovs.05-1002.

Sakabe, I., T. Oshika, S. J. Lim, and D. J. Apple. Anterior shift
of zonular insertion onto the anterior surface of human crystal-
line lens with age. Ophthalmology. 1998. https://doi.org/10.1016/
s0161-6420(98)93172-4.

Streeten, B. W., and J. P. Pulaski. Posterior zonules and lens
extraction. Arch. Ophthalmol. 1978. https://doi.org/10.1001/archo
pht.1978.03910050088023.

Fisher, R. F. The ciliary body in accommodation. London: Trans-
actions of the Ophthalmological Societies, 1986.

Krag, S., and T. T. Andreassen. Mechanical properties of the
human posterior lens capsule. Investig. Ophthalmol. Vis. Sci.
2003. https://doi.org/10.1167/iovs.02-0096.

van Alphen, G. W., and W. P. Graebel. Elasticity of tissues
involved in accommodation. Vis. Res. 1991. https://doi.org/10.
1016/0042-6989(91)90061-9.

Wang, K., D. T. Venetsanos, J. Wang, and B. K. Pierscionek. Gra-
dient moduli lens models: how material properties and application
of forces can affect deformation and distributions of stress. Sci.
Rep. 2016. https://doi.org/10.1038/srep31171.


https://doi.org/10.1007/s10439-024-03491-3
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/j.1444-0938.2008.00256.x
https://doi.org/10.1111/j.1444-0938.2008.00256.x
https://doi.org/10.1097/00004397-200604630-00006
https://doi.org/10.1097/00004397-200604630-00006
https://doi.org/10.1109/TBME.2019.2927390
https://doi.org/10.1109/TBME.2019.2927390
https://doi.org/10.1167/7.11.1
https://doi.org/10.1111/cxo.12263
https://doi.org/10.1016/s0042-6989(02)00094-9
https://doi.org/10.1016/s0042-6989(02)00094-9
https://doi.org/10.1016/j.visres.2005.05.030
https://doi.org/10.1016/j.visres.2005.05.030
https://doi.org/10.1016/j.cmpb.2006.08.005
https://doi.org/10.1016/j.cmpb.2006.08.005
https://doi.org/10.1016/j.optom.2012.05.006
https://doi.org/10.1016/j.preteyeres.2018.11.004
https://doi.org/10.1016/j.preteyeres.2018.11.004
https://doi.org/10.1167/iovs.14-16082
https://doi.org/10.1113/jphysiol.1969.sp008739
https://doi.org/10.1016/j.exer.2012.01.011
https://doi.org/10.1167/iovs.16-20143
https://doi.org/10.1167/iovs.16-20143
https://doi.org/10.18632/oncotarget.5762
https://doi.org/10.1167/iovs.05-1002
https://doi.org/10.1016/s0161-6420(98)93172-4
https://doi.org/10.1016/s0161-6420(98)93172-4
https://doi.org/10.1001/archopht.1978.03910050088023
https://doi.org/10.1001/archopht.1978.03910050088023
https://doi.org/10.1167/iovs.02-0096
https://doi.org/10.1016/0042-6989(91)90061-9
https://doi.org/10.1016/0042-6989(91)90061-9
https://doi.org/10.1038/srep31171

The Effect of Lens Shape, Zonular Insertion and Finite Element Model on Simulated Shape Change...

23.

24.

25.

26.

Duane, A. Studies in monocular and binocular accommodation
with their clinical applications. Am. J. Ophthalmol. 1922. https://
doi.org/10.1111/0po.13136.

Wang, K., M. Hoshino, K. Uesugi, N. Yagi, and B. K. Pierscionek.
Contributions of shape and stiffness to accommodative loss in the
ageing human lens: a finite element model assessment. JOSA A.
2019. https://doi.org/10.1364/JOSAA.36.00B116.

Cabeza-Gil, 1., J. Grasa, and B. Calvo. A validated finite ele-
ment model to reproduce Helmholtz’s theory of accommodation:
a powerful tool to investigate presbyopia. Ophthalmic Physiol
Optics. 2021. https://doi.org/10.1111/0po.12876.

Cabeza-Gil, 1., J. Grasa, and B. Calvo. A numerical investigation
of changes in lens shape during accommodation. Sci. Rep. 2021.
https://doi.org/10.1038/s41598-021-89145-z.

27. Hermans, E. A., M. Dubbelman, G. L. van der Heijde, and R. M.

Heethaar. Estimating the external force acting on the human eye
lens during accommodation by finite element modelling. Vis. Res.
2006. https://doi.org/10.1016/].visres.2006.04.012.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1111/opo.13136
https://doi.org/10.1111/opo.13136
https://doi.org/10.1364/JOSAA.36.00B116
https://doi.org/10.1111/opo.12876
https://doi.org/10.1038/s41598-021-89145-z
https://doi.org/10.1016/j.visres.2006.04.012

	The Effect of Lens Shape, Zonular Insertion and Finite Element Model on Simulated Shape Change of the Eye Lens
	Abstract
	Introduction
	Methods
	Geometry of the Model
	Material Properties
	Mesh and Boundary Conditions
	Calculation of Optical Power
	Results
	Discussion
	Acknowledgements 
	References


