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Abstract—Objective: The human visual system alters its
focus by a shape change of the eye lens. The extent to
which the lens can adjust ocular refractive power is de-
pendent to a significant extent on its material properties.
Yet, this fundamental link between the optics and mechan-
ics of the lens has been relatively under-investigated. This
study aims to investigate this opto-mechanical link within
the eye lens to gain insight into the processes of shape
alteration and their respective decline with age. Methods:
Finite Element models based on biological lenses were de-
veloped for five ages: 16, 35, 40, 57, and 62 years by cor-
relating in vivo measurements of the longitudinal modulus
using Brillouin scattering with in vitro X-ray interferometric
measurements of refractive index and taking into account
various directions of zonular force. Results: A model with
radial cortical Young’s moduli provides the same amount
of refractive power with less change in thickness than a
model with uniform cortical Young’s modulus with a uni-
form stress distribution and no discontinuities along the
cortico-nuclear boundary. The direction of zonular angles
can significantly influence curvature change regardless of
the modulus distribution. Conclusions: The present paper
proposes a modelling approach for the human lens, cou-
pling optical and mechanical properties, which shows the
effect of parameter choice on model response. Significance:
This advanced modelling approach, considering the impor-
tant interplay between optical and mechanical properties,
has potential for use in design of accommodating implant
lenses and for investigating non-biological causes of patho-
logical processes in the lens (e.g., cataract).

Index Terms—Opto-mechanical modelling, finite element
analysis, human eye lens, accommodation, radial cortical
Young’s moduli, zonules.
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[. INTRODUCTION

HE eye is a complex optical and neurological system for
T refracting light to produce high quality images that un-
dergo processing at the retina and further processing, via the
higher visual pathways, in the visual cortex of the brain. The
two refractive elements in the eye are the cornea and the lens.
The cornea provides approximately two-thirds of the ocular fo-
cusing power. The lens contributes the remainder and is respon-
sible for adjusting the refractive power of the eye, via a process
called accommodation, to meet the visual demands over a range
of object distances. Accommodation decreases gradually with
age such that, by the sixth decade of life, the eye can no longer
focus on near objects [1], [2]. This age-related process is known
as presbyopia.

The lens, which is composed of a lamellar arrangement of
fibre cells and contained within the semi-elastic capsule, adjusts
the focus of the eye by altering its shape [3]. This is mediated by
a ring of suspensory ligaments, collectively called the zonule,
which is connected to the capsule around the equator of the
lens and transmits the forces that alter lens shape from the
ciliary body [3]. The anterior, equatorial and posterior sections
of the zonule originate from different locations on the ciliary
body [4]. Yet a number of modelling approaches simplify these
forces as emanating from a single point [5]-[9]. Recently it
was shown that separating directions of zonular force across the
three sections makes a substantial difference to the shape change
and renders the modelled simulation closer to the changes in
shape seen in the biological lens [10]. This is fundamental for
understanding the mechanical behaviour of the different zonular
sections and for providing insights needed to understand the
accommodative process and its loss with age. Such insights may
resolve the conflicts between major accommodative theories
[11]-[14]. Recent modelling [10] and experimental studies on
monkey lenses [15] suggest that the equatorial zonular section
is less effective when compared to the anterior and posterior
zonular sections in altering central curvatures and optical power
of the lens during accommodation. This has been previously
postulated [12], [16].

Two regions within the lens are broadly recognised: a cen-
tral nucleus that comprises approximately two-thirds of the total
lens from the perspective of radial distance, and the outer cor-
tical region [17], [18]. Whilst there is no biochemically distinct
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cortico-nuclear boundary, the refractive index profile of the hu-
man lens indicates a marked difference in magnitude and vari-
ation in refractive index: there is an almost constant refractive
index over the central two-thirds of the lens and a sharp gradient
in the outer third (reviewed in [19]). The refractive index is lin-
early related to the concentrations of lens proteins according to
the Gladstone-Dale formula [20] indicating that this gradient is
also linearly related to that of the protein concentration profile.

Mechanical properties in the living human eye lens have been
measured recently using Brillouin scattering analysis [21]. The
direct relationship between refractive index and elastic modulus
are not known as it has not been possible to measure both prop-
erties in the same lens. However, profiles of longitudinal elastic
modulus, measured along the optic axis of the lens using in vivo
Brillouin scattering analysis [22], bear a close resemblance to
refractive index distributions from in vitro samples measured
using a phase contrast imaging modality: X-ray Talbot interfer-
ometry [23]. Although light rays are utilized by both measuring
techniques, the methods of application are different from one
another. Brillouin scattering analysis relies on the frequency
shift between incident light and scattered light caused by peri-
odic modulations of refractive index by acoustic phonons [22],
[24], [25]. This Brillouin shift is dependent on the propagation
speed of the acoustic wave and can be converted to longitudi-
nal modulus using the p/n? ratio (where p is the density and n
is the refractive index) of the sample. This was found to be a
constant value across the whole lens [22], [25]. The X-ray Tal-
bot grating interferometer consists of two transmission gratings
(a phase and an absorption grating) that are used to create Moiré
fringe patterns of X-ray beams after traversing the sample [26].
Moiré fringes are used to determine the spatially varying protein
densities across the specimen from which refractive indices are
calculated using the Gladstone-Dale formula [20], [27]. Both
techniques have fine resolution: 60 pm for Brillouin analysis
[22] and 5.5 pm for interferometric analysis [26]. The simi-
larity between distributions of refractive index and longitudinal
modulus provides a means of creating optically relevant and me-
chanically viable models. Such models, with gradient profiles,
are needed to improve current understanding of cataract, and
to facilitate the design of optically advanced, accommodating
intraocular lenses.

Almost all previous modelling studies assumed uniform dis-
tributions of material properties in the lens nucleus and cortex,
and used lens models based on limited ages [5]-[9]. This study
describes advanced models that correlate distributions of ma-
terial properties derived from in vitro optical measurements of
refractive index [23] with in vivo mechanical analyses [22]. Fi-
nite Element lens models were created based on human lenses
from five different ages, covering the age range from the sec-
ond to the sixth decade of life. A parametric analysis of 990
different combinations of zonular angles and hence directions
of force on the lens, was conducted for each model using an ex-
haustive search scheme developed in a previous study [10]. The
resultant changes in lens thickness and stress field distributions
were analysed to investigate the opto-mechanical relationship
and how this may alter with age.
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Fig. 1. Extraction of lens geometry of the 40-year-old lens [23] as

an example with nuclear shape determined (a) by fitting contour cor-
responding to the central plateau region [23] and (b) by scaled down
from the outer shape according to mechanical measurements by Besner
et al. [22].

Il. METHOD

Lens models were developed based on human lenses aged: 16,
35, 40, 57 and 62 years and subjected to X-ray Talbot interfer-
ometric analysis to obtain refractive index and lens shape [23].
Two distributions of cortical Young’s moduli were modelled for
each age: (a) a uniform distribution and (b) a radial linear nodal
distribution calculated from the longitudinal modulus measured
using in vivo Brillouin scattering analysis [22] on lenses that
covered a similar age range as in the optical study [23].

A. Geometry of Models

Boundaries of the lens outer shape were taken from iso-
indicial contours of refractive index reported by Pierscionek
et al. [23]. The contour corresponding to a minimum magnitude
of refractive index, approximately 1.35 [23] was taken as the
outer lens shape.

For each uniform model, the contour corresponding to the
central plateau region, shown on the index profile of each lens in
the sagittal plane along the central optical axes [23], was treated
as the cortico-nuclear boundary. Fig. 1(a) shows an example of
how these geometric parameters were extracted for a 40-year-
old lens from X-ray interferometric analysis of the refractive
index gradient.

For models with radially varying Young’s moduli in the cor-
tex, the nuclear boundary for each model was created by scaling
the boundary of the outer lens using an age-related scaling ratio
that was determined from Besner ef al. [22]. A representative
example for determining the nuclear shape by scaling is shown
in Fig. 1(b) for the 40-year-old lens [23].

B. Analysis of Mechanical and Optical Data

The findings reported by Besner et al. [22] include detailed
parameters describing the profile shapes of longitudinal moduli
measured along the optical axis of each lens. For all 56 measured
lenses, the Total Thickness (7T) and Nuclear Thickness (NT) can
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Fig. 2. Ageing trend of ratios describing nuclear to total lens propor-
tions (a) in sagittal plane re-analyzed from Besner et al. [22] and (b) in
both sagittal and equatorial planes re-analyzed from Pierscionek et al.
[23].

TABLE |
SCALING RATIOS, CAPSULAR THICKNESS AND CAPSULAR ELASTICITY
OF LENS MODELS AT EACH AGE

Age
16 35 40 57 62
Besner [22] NT/TT 052 058 0.59 0.65 0.66
Pierscionek NT/TT 052 045 0.54 0.49 0.57
[23] ND/TD 039 050 048 041 0.58

Capsular thickness [pm] 13 15 16 19 20

be determined using the following parameters:
NT = TCpos — TCant (1)
TT = Lant + Lpos + NT (2

where xc, o5, Cunis Lant and Ly, are parameters fully defined
in [22]. The ratio (NT/TT) describes the nuclear to total lens
thickness along the optic axis and is shown plotted against age in
Fig. 2a. A linear regression analysis of data yields a relationship
of y = 0.0031x + 0.4712 between age and the (NT/TT) ratio,
where x stands for age and y stands for the (NT/TT) ratio. The
scaling ratio used to determine shapes of lens nuclei for radial
models at each age was calculated from this equation and is
given in Table I.

The geometries of lenses used to measure refractive index
by Pierscionek et al. [23], include profiles both along the optic
axis and along the equatorial plane. The nuclear half-diameter
(ND) and the total half-diameter (7D) for each lens were de-
termined by measuring the central contour which corresponds
to the plateau region of each refractive index profile (seen in
Fig. 1(a)). The ratios (N7/TT) and (ND/DD) obtained from lens
geometries for lenses up to 70 years of age are plotted against
age in Fig. 2b.

C. Material Properties and Opto-Mechanical Coupling

According to the profiles of longitudinal modulus [22], the
magnitude of the central plateau region for 56 lenses is within
the range of 3.278 4 0.081 GPa with no age dependency. This
value decreases continuously from the central plateau region to-
ward the anterior and posterior pole of each lens to a minimum
value within the range of 2.498 + 0.139 GPa [22]. Given that
no age-related trend was observed, the average values at the
central plateau and at the lens poles, 3.286 GPa and 2.471 GPa

Epeak
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Fig. 3. (a) lllustration of the linearly varying cortical Young’s modulus
within the lens (the colour bar on the right side shows the decreasing
values from the nuclear to the external lens boundary), (b) corresponding
discretized 35-year-old model with a zonular angle triplet of [10°, 0°, 24°]
(in black colour) and of [26°, 0°, 40°] (in orange colour).

respectively, were used to construct the models. Recent studies
[25], [28] have derived an empirical relationship between lon-
gitudinal modulus M and conventional low frequency modulus,
i.e., Young’s modulus E or shear modulus G. This log-log linear
equation [25] is described as:

log (M) = alog (G) +b 3)

where a and b are material dependent coefficients that were de-
termined for porcine lenses: a = 0.093 and b = 9.29 [25] which
have similar elastic shear moduli to young human lenses [29],
[reviewed in 30]. Taking the eye lens as nearly incompressible
[31], [32] Young’s and shear modulus can be linearly related:
E = 3G [10], [30]. The calculated Young’s moduli E at the
central plateau and at the lens poles are 0.82 kPa and 0.04 kPa
respectively.

Consistent with the findings by Besner et al. [22], no age-
related variations in material properties were considered in the
present study. For both sets of models: those with uniform and
those with a radial distribution of cortical Young’s moduli, a
value of 0.82 kPa was used in the lens nucleus. Models with a
uniform cortical Young’s modulus were given an average value,
0.43 kPa, of the maximum and minimum for each age. For
models with radially varying cortical moduli, Young’s modulus
decreased linearly from 0.82 kPa in the nuclear region to 0.04
kPa at the lens surface (Fig. 3a).

All models were discretized using a mapped mesh (Fig. 3b)
with 97 nodes uniformly distributed both along the cortico-
nuclear boundary and the external lens surface, forming a well-
aligned radially distributed pattern of 97 groups of colinear
nodes (Fig. 3a). A linear interpolation of Young’s modulus was
used for each nodal group with the maximum value assigned
to the node on the nuclear-cortical boundary and the minimum
value assigned to the node on the external lens boundary. Such
a distribution forms iso-indicial contours of Young’s modulus,
which are similar to the distributions of optical refractive index
[23]. The decreasing trend of Young’s modulus is indicated us-
ing arrows with changing shades for five nodal groups (Fig. 3a).

Young’s modulus was taken as 1.5 MPa [33] and 0.35 MPa
[34] for lens capsules and zonular fibres, respectively, for all
models and Poisson’s ratio of 0.47 was used for both lens
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capsules [10] and zonular fibres [35]. All model sections were
considered to be linear, elastic and isotropic.

D. Model Discretization and Boundary Conditions

Axisymmetric models were created in ANSYS mechanical
APDL (ver.18.1). Each lens model contains six different parts:
the nucleus, cortex, capsule, an anterior zonular fibre, an equato-
rial zonular fibre and a posterior zonular fibre. The lens nucleus
and cortex were meshed using 8-node axisymmetric elements
(ANSYS element type: PLANE 183, KEYOPT(3) = 1), the
lens capsule was modelled using 3-node membrane elements
(ANSYS element type: SHELL 209, KEYOPT(1) = 1), the
three bundles of zonular fibres were considered as three 2-node
elements carrying tensional loads only (ANSYS element type:
SHELL 208, KEYOPT(1) = 1, KEYOPT(2) = 0). The total
number of elements was 1515 and the total number of nodes
was 7436 for each model. Zonular fibres were given a length of
1.5 mm and a thickness of 0.05 mm [36]. The three zonular sec-
tions were modelled such that their free endpoints were decou-
pled permitting movement in different directions. The coupling
mechanism of the zonular-capsular anchoring points with sur-
rounding nodes, shown in Fig. 3b, was the same as that described
previously [10].

The nodes on the central axis were constrained in the hori-
zontal direction and allowed a vertical translational degree of
freedom. A total displacement of 0.5 mm [37], introduced in
six even increments, was imposed on all models at the free end-
points of all zonular fibres and in the direction indicated by the
orientation of a given fibre. The free endpoint of each zonular
fibre had in-plane translational degrees of freedom.

E. Applied Procedure of Exhaustive Search

The present study conducted an exhaustive search scheme
introduced in a previous study [10] using two joint codes de-
veloped in MatLab (ver. 2017b) and in ANSYS Mechanical
APDL (ver.18.1). With the MatLab code, three angles for the
anterior, equatorial and posterior bundles of zonular fibres were
generated and ANSYS was used, as an external FE solver, to
run in batch mode. The ANSYS code was then applied to read
the three zonular angles and build corresponding lens models
using predefined information, i.e., the lens geometry, material
properties, element types, meshing strategy and boundary con-
ditions. This information was stored in an input file. Once the
FE simulation with ANSYS was finished, the MatLab code
was used to retrieve results from the FE analysis and perform
post-processing analysis. The changes in the central radius of
curvature of the lens along the external boundary of the lens
(taken within a central 3mm diameter zone), the Central Optical
Power (COP), the sagittal thickness of the nucleus and of the
whole lens were calculated during the post-processing analysis
and stored in an output file. The COP was calculated using the
thick lens formula assuming an equivalent refractive index of
1.42 for each lens [19], [38]. This task indicated the successful
completion of one cycle of the exhaustive search. The MatLab
code then generated another set of zonular angles and entered
the next cycle of the exhaustive search. The domain of the
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Fig. 4. Changes in lens thickness along the optic axis as percentages
of the total and of the nuclear thickness plotted against age for all five
aged models with (a) radial distribution of cortical Young’s moduli and
(b) uniform distribution of cortical Young’s modulus.
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Fig. 5. Changes in Central Optical Power (COP) versus stretching for

both models with a zonular angle triplet of [10°, 0°, 24°] and with both
(a) radial distribution of cortical Young’s modulus and (b) uniform distri-
bution of cortical Young’s modulus at all five ages.

anterior zonular angle 6, (as seen in Fig. 3b) was between 10°
to 28° towards the posterior of the eye (represented as [10°,
28°]); that of the equatorial zonular angle 6, (Fig. 3b) was
[—10°, 10°] (the negative sign denoting the posterior direction
and the positive sign denoting the anterior direction for 6, only)
and that of posterior zonular angle 0, (Fig. 3b) was [24°, 40°]
towards the anterior of the eye. The selection of the three angu-
lar domains was such that the zonules would not merge with the
lens body during simulations for all the examined models. Con-
sidering the computation resources and time required to conduct
the exhaustive search within the defined domains, a step size of
2 degrees was used for each zonular angle. This resulted in 990
combinations of zonular angles included in the search procedure
for each examined model.

lll. RESULTS

For each model, the changes in thickness along the optical axis
as a percentage of the total lens thickness and as a percentage
of the nuclear thickness were calculated for all simulated com-
binations of zonular angles. The values were further averaged
across the 990 angular combinations and plotted against age in
Fig. 4. For models with radially varying cortical Young’s mod-
uli, the nuclei are stretched to a greater degree than the total lens
for all ages (Fig. 4a). Models with a uniform cortical Young’s
modulus show a higher percentage of change in thicknesses of
both the nucleus and the total lens (Fig. 4b). The youngest lens
model has a greater change in thickness (Figs. 4a, b), but the
difference is only slight for the set of models with a uniform
cortical Young’s modulus (Fig. 4b).

Fig. 5 shows the change in COP versus the stretching in-
crement, for each set of models. The curves correspond to
models with a zonular angle triplet of [10°, 0°, 24°], i.e., the
anterior, equatorial and posterior zonular angles, respectively.
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The 16-year-old model stands out from the others with a sub-
stantially greater change in COP for every increment of stretch
and shows more variation with stretch than any of the other
models (Fig. 5). This applies whether the cortex is modelled
with radially varying Young’s moduli (Fig. 5a) or with a uni-
form Young’s modulus (Fig. 5b). For older aged models: 35, 40,
57 and 62 years old, there is a general decrease in COP with
stretching. Notably, for both sets of models, the first stretching
increment results in an increase in COP for those aged 35, 40
and 62 years, with the latter showing the most marked increase
of 1.2 dioptres (Fig. 5a, b).

Fig. 6 shows the COPs of five selected zonular angle triplets
plotted against stretching for the 16-year-old model. With
stretching, the COP undergoes less change with more convergent
zonular angles than for less convergent zonular angles and this
occurs for models with both distributions of cortical Young’s
moduli (Fig. 6a, b). Indeed, there is negligible difference in
COP change between models with a uniform or a radially vary-
ing cortical Young’s moduli. The influence of the equatorial
zonular angle was not included; this part of the zonule has
little effect on the curvature change. This is demonstrated in
Tables II and III in the Appendix.

Comparisons of changes in radii of curvature, COP and in-
ternal stress distributions between models with all three sets of
zonular bundles (triplet) [10°, 0°, 24°] and with only anterior
and posterior zonular bundles (doublet) [10°, 24°] are shown
in Fig. 7 for the 16-year-old model with radial distribution of
cortical Young’s moduli. The models show the same changes in
central anterior and posterior radii of curvature (Fig. 7a, b) as
well as in COP (Fig. 7c) whether a triplet or doublet zonule is
used. However, the model with the triplet zonule (Fig. 7d) has
a greater displacement along the lens equator of 0.503 mm (the
model with doublet zonule has a displacement of 0.305 mm) and
higher stresses than the model with the doublet zonule (Fig. 7¢)
for the same degree of simulated stretch.

The internal stress (as von Mises stress in MPa) distributions
for models with both radial and uniform distributions of cortical
Young’s moduli are shown in Fig. 8. For both sets of models,
the highest stresses are seen in the lens nucleus. The stress
distributions vary relatively gradually for models with radial
cortical Young’s moduli (Fig. 8a—e). Sharply changing stress

torial zonule (EZ) included and excluded for (a) anterior radius of curva-
ture, (b) posterior radius of curvature, (c) Central Optical Power, and von
Mises stress (MPa) of model with (d) EZ included, (e) EZ excluded.

patterns at the cortico-nuclear boundary are evident in models
with uniform cortical Young’s moduli (Fig. 8f—j); the greatest
range of stress values is seen in the 16-year-old lens (Fig. 8f).
The latter set of models have higher stress magnitudes in the lens
cortex (Fig. 8f—j) than do models with radially varying cortical
Young’s moduli (Fig. 8a—e) for every age.

IV. DISCUSSION

The present study proposes a modelling concept including
lens models with radial distribution of cortical Young’s moduli
that is akin to the distribution of optical properties across the
lens [23]. The same magnitude of material properties was used
for lens models with different geometries based on curvatures
extracted from human lenses of varying ages [23]. Brillouin
scattering, which measures longitudinal modulus across lenses
in vivo, showed that the width of the central plateau increases
with age (Fig. 2a) with no change in the magnitude [22],
[39]. Optical measurements of refractive index distributions
demonstrated a similar trend (Fig. 2b). By comparing Young’s
modulus and shear modulus measured using conventional low
frequency stress-strain test to longitudinal modulus measured
using high-frequency Brillouin scattering analysis, Scarcelli
et al. [25] quantified a log-log linear relationship between
the two types of moduli for fresh bovine and porcine lens
specimens and determined their respective fitting coefficients (a
and b in equation 3). The values are different between the two
species [25]. Given the scarcity of human samples from young
healthy donors, such a relationship has not been determined for
human lenses. However, the similar magnitudes of shear moduli
between porcine and young human lenses [29], [30] render the
selection of parameters in the present study the best available
choice.

Applying simulated stretching of 0.5 mm at six equal in-
crements to each zonular section, to induce changes in shape
within the range measured clinically [37], [40], shows a greater
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change in nuclear thickness than in total lens thickness when the
cortical Young’s modulus has radially varying values (Fig. 4a)
This concurs with earlier observations of the lens nucleus during
accommodation [17], [41], [42], [43]. The effect of a radially
varying Young’s modulus in the cortex is also evident with re-
spect to deformation: a lower degree of shape change is needed
to produce a similar amount of change in COP from a model
with a radially varying cortical Young’s modulus, compared to
a uniform cortical Young’s modulus (Fig. 5).

The 16-year-old model demonstrates the maximal change
in COP (Fig. 5) which adheres to the physiological situation
given the loss of accommodative ability with age [44]. Since all
models had the same magnitude of Young’s moduli, the results
suggest that the shape differences are the major contributing
factor for age-related differences that are found in the living eye.
Current definitions of lens nucleus and cortex are inconclusive
[18], [45] with the plateau region where the refractive index is
constant (corresponding to a similar trend in Young’s modulus)
accepted as the nucleus [19], [23]. Whilst there is a hint of
an increasing proportion of nucleus to total lens size with age
(Fig. 2), the results show individual variations. A decrease in
thickness of the total lens and of the nucleus with simulated
stretching is most evident in the youngest lens and decreases,
with age, for models with gradient cortical Young’s moduli
(Fig. 4a). This ageing change is not as apparent for models
with uniform cortical moduli (Fig. 4b). Changes in thickness in
response to simulated forces are indicative of changes in overall
moduli of elasticity. Clearly, an increase in overall size of the
lens with age does not alter the overall modulus; the presence
of a gradient modulus in the cortex has a far greater effect.

The semblance of a turning point (an initial increase and then
a decrease in COP with stretching) is seen in Fig. 5. The incre-
mental increase is very small and the greatest power changes in
the 62-year-old lens models are around 1.2 dioptres. It has been
noted in a previous numerical modelling study on a 29-year-old
lens where for a similar displacement as this study, the initial
response to stretch was an increase in power of around 4 diop-
tres [46]. The stretching force in that study was mediated via an
anterior and posterior zonule and emanated from a single point
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Stress distributions (von Mises Stress in MPa) for models at five simulated ages with two distributions (radial and uniform) of cortical

[46]. The geometries of the lens models were based on post-
mortem lenses [23] and hence freed from tension imposed on
lenses in vivo by the ciliary muscle and zonule. The assump-
tion used by almost all of the previous modelling studies [5],
[71, [47], [48] was that the in vitro lenses are in the fully ac-
commodative state. An opposing study showing that the post-
mortem lenses with a mean optical power of 19.8 &+ 1.7 dioptres
are actually in unaccommodative states [49]. The COPs of the
lens models based on in vitro lenses (not under zonular tension)
aged between 35 to 62 years were found to be around 20 diop-
tres when calculated using the thick lens formula [38] (Fig. 5).
Further investigations are needed to better determine whether
the increase in COP, at this first stretching increment, is an in-
dication of the models entering from post-mortem (stress-free)
states to the fully accommodative in vivo state (minimal stress)
or rather that of lens change for low levels of accommodation,
i.e., below 2 dioptres.

Results in Fig. 6 confirm that the angle at which zonular fi-
bres mediate the force from the ciliary muscle is critical in the
amount of power change and pertinent to geometrical changes
with age. Recent studies [50] found that the ciliary muscle un-
dergoes an apparent anterior and inward movement with age,
which concurs with seminal work showing an anterior zonu-
lar shift with age [51]. The concomitant closer movement of
different zonular attachments could contribute to the accom-
modative loss with age. Future designs of artificial intraocular
lenses should consider the force applications and the directions
of different zonular forces if there is to be any effective restora-
tion of accommodative capacity of lenses after implant surgery.

Previous studies on two models aged 16 and 35 years, demon-
strated that a closer fit to in vivo data [10], [52] can be obtained
when modelling anterior, equatorial and posterior zonular sec-
tions with separate directions of stretch than with a single di-
rection [10]. The equatorial zonule has significantly less influ-
ence on the change in surface curvatures and optical powers
than do the anterior and posterior zonular sections [52]. This is
demonstrated in the present study: models with or without the
equatorial zonule have the same change in surface curvature and
COP with simulated stretching (Fig. 7a—c); altering equatorial



WANG et al.: MODELING APPROACH FOR INVESTIGATING OPTO-MECHANICAL RELATIONSHIPS IN THE HUMAN EYE LENS

1005

zonular angle alone has less influence on the surface curvatures
of models with both radial and a uniform cortical Young’s mod-
ulus (Appendix Table IT and III). However, whilst there is no
change in the optics, there are differences in the mechanical
factors: the stresses are greater with a zonular triplet i.e., with
an equatorial component, than without (Fig. 7d, e).

Subjected to the same level of stretching, the 16-year-old
model shows the greatest stresses compared to other aged mod-
els. This is because this lens has the smallest dimensions. Mod-
els with a gradient of Young’s modulus in the cortex (Fig. 8a—e)
show that the youngest lens has a more even distribution of
stresses across the tissue and that in older models there are
lower stresses but these appear as regions of relatively higher
values in the equatorial region of the lens nucleus. The trend
is very general given individual variations in lens size. Models
with a uniform distribution of cortical Young’s modulus show
less consistency between stress distributions and age (Fig. 8f—j).
The construction of many more models based on very large
numbers of lenses, are needed to indicate any general trends.

The significant difference between models with a uniform
distribution of Young’s modulus in the cortex and models with
radial distribution of Young’s modulus in the cortex is seen with
respect to the stress distributions. A model with uniform cor-
tical Young’s modulus gives a less even distribution of stress
and hence higher stresses in the lens cortex than does a model
with a radially varying distribution. Similar findings were re-
ported in previous studies [52], [S3]. Nonetheless, small regions
of higher stress can be found in both sets of models around the
cortico-nuclear boundary in the equatorial region. This area has
been shown to have cortical opacities that cause light-scattering
[54]. Cells are mechanosensitive [55] and they will collectively
respond to regional perturbations to their environment, whether
these are caused by physiological, biochemical or physical
(mechanical) effects. Unlike nuclear cataract, which is a ho-
mogenous process associated with protein aggregation, cortical
cataract has been related to stress damage occurring as a result
of continued accommodative effort [54], [56]. The variations in
cortical Young’s modulus seen in vivo [22] and the effect of the
equatorial zonule, albeit playing a lesser role in optical change
with accommodation than other zonular sections, may be a bio-
logical means of protecting the lens from what would otherwise
be more frequently occurring mechanically induced cataract.

V. CONCLUSION

We propose an approach that couples mechanical and optical
properties in the construction of human lens models represent-
ing different ages and accommodative capacities. Models with
cortical Young’s moduli have a more uniform stress distribution
and require less thickness change to produce similar refrac-
tive change than models with uniform cortical Young’s moduli.
Age-related changes in lens geometry are a major contributing
factor to accommodative loss but do not completely explain the
development of presbyopia. Simulations for a range of zonu-
lar angle combinations, indicate that attachment locations of
different zonular sections to the ciliary muscle are crucial for
predicting lens accommodative capacity.

TABLE Il
ANTERIOR RADIUS OF CURVATURE OF UNDEFORMED AND DEFORMED LENS
MODELS WITH TWO DISTRIBUTIONS OF CORTICAL YOUNG’S MODULI

AT FIVE AGES
Zonular angles 16 35 40 57 62
Undeformed [mm]
7.1 10.6 13.1 11.0 16.6
Radial model [mm]
[10° -6°, 24°] 9.9 12.1 129 12.7 13.8
[10°,0° 24°] 10.0 12.1 129 12.7 13.8
[10° 6° 24°] 10.0 12.1 13.0 12.7 13.8
[18°-6° 32°] 8.7 10.5 11.1 11.2 11.9
[18°0° 32°] 8.8 10.6 11.1 11.3 11.9
[18°6° 32°] 8.8 10.6 11.2 11.3 11.9
[26°, -6°, 40°] 7.7 9.2 9.6 10.0 10.3
[26°, 0°, 40°] 7.7 9.3 9.7 10.0 10.3
[26°, 6°, 40°] 7.7 9.3 9.7 10.0 104
Uniform model [mm]
[10° -6°, 24°] 10.6 13.0 13.8 13.7 14.8
[10°,0° 24°] 10.7 13.0 13.9 13.7 14.8
[10° 6° 24°] 10.7 13.0 13.9 13.7 149
[18°-6° 32°] 9.3 11.3 11.9 12.1 12.7
[18°0° 32°] 9.4 11.3 12.0 12.1 12.8
[18°6° 32°] 9.4 11.4 12.0 12.1 12.8
[26°, -6°, 40°] 8.2 9.9 10.3 10.6 11.0
[26°,0°, 40°] 8.2 9.9 10.4 10.7 11.0
[26°, 6°, 40°] 8.2 9.9 10.4 10.7 11.0
TABLE Il

POSTERIOR RADIUS OF CURVATURE OF UNDEFORMED AND DEFORMED
LENS MODELS WITH TwWO DISTRIBUTIONS OF CORTICAL
YOUNG’S MoDULI AT FIVE AGES

Zonular angles 16 35 40 57 62
Undeformed [mm]

53 6.7 5.8 6.6 6.0
Radial model [mm]

[10°, -6°, 24°] 6.9 7.9 7.7 8.2 74
[10°,0°, 24°] 6.9 7.9 7.7 8.2 74
[10°, 6°, 24°] 6.9 7.9 7.7 8.2 74
[18°,-6° 32°] 6.3 72 7.0 7.6 6.9
[18°,0°,32°] 6.3 72 7.0 7.6 6.9
[18°,6° 32°] 6.3 72 6.9 7.6 6.9
[26°, -6°, 40°] 5.8 6.7 6.4 7.1 6.4
[26°, 0°, 40°] 5.8 6.7 6.4 7.1 6.4
[26°, 6°, 40°] 5.8 6.7 6.4 7.1 6.4
Uniform model [mm]
[10°, -6°, 24°] 7.0 8.0 7.8 8.3 7.4
[10°,0°, 24°] 7.0 8.0 7.7 8.3 7.4
[10°, 6°, 24°] 7.0 8.0 7.7 8.2 74
[18°,-6° 32°] 6.4 7.3 7.0 7.6 6.8
[18°,0°,32°] 6.3 7.3 7.0 7.6 6.8
[18°,6° 32°] 6.3 7.3 7.0 7.6 6.8
[26°, -6°, 40°] 5.9 6.8 6.4 7.1 6.4
[26°, 0°, 40°] 5.9 6.7 6.4 7.1 6.4
[26°, 6°, 40°] 5.9 6.7 6.4 7.1 6.4
APPENDIX

Table II presents anterior radius of curvature of lens models
at all ages for nine selected combinations of zonular angles with
each of two simulated distributions of cortical Young’s moduli.

Table III presents posterior radius of curvature of lens models
at all ages for nine selected combinations of zonular angles with
each of two simulated distributions of cortical Young’s moduli.
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