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A B S T R A C T   

Purpose: To explore the synergistic function of the ligaments in eye, the zonular fibres, that mediate change in eye 
lens shape to allow for focussing over different distances. 
Methods: A set of 3D Finite Element models of the anterior eye together with a custom developed pre-stress 
modelling approach was proposed to simulate vision for distant objects (the unaccommodated state) to vision 
for near objects (accommodation). One of the five zonular groups was cut off in sequence creating five models 
with different zonular arrangements, the contribution of each zonular group was analysed by comparing results 
of each specific zonular-cut model with those from the all-zonules model in terms of lens shape and zonular 
tensions. 
Results: In the all-zonular model, the anterior and equatorial zonules carry the highest tensions. In the anterior 
zonular-cut model, the equatorial zonular tension increases while the posterior zonular tension decreases, 
resulting in an increase in the change in Central Optical Power (COP). In the equatorial zonular-cut model, both 
the anterior and posterior zonular tensions increase, causing a decreasing change in COP. The change in COP 
decreases only slightly in the other models. For vitreous zonular-cut models, little change was seen in either the 
zonular tension or the change in COP. 
Conclusions: The anterior and the equatorial zonular fibres have the major influence on the change in lens optical 
power, with the anterior zonules having a negative effect and the equatorial zonules contributing a positive 
effect. The contribution to variations in optical power by the equatorial zonules is much larger than by the 
posterior zonules.   

1. Introduction 

Accommodation is a complex opto-biomechanical process in the eye 
which describes the change in eye lens shape to allow for the eye to focus 
on objects over a wide range of distances. This function is active in eyes 
below the sixth decade of life and gradually decreases with age; the age- 
related loss of accommodative function is called presbyopia. 

The mechanism of accommodation involves ciliary muscle: a ring of 
smooth muscle located within the eye, the contraction and relaxation of 
which causes the lens to change shape [1]. The zonular system consists 

of several different groups of suspensory ligaments that connect the lens 
equatorial region and different parts of the ciliary muscle. By contract
ing and relaxing, the ciliary muscle alters the tension in the zonular fi
bres, and this leads to a change the lens surface curvatures and thickness 
and thereby the refractive power to meet visual demands. The syner
gistic functional mechanism of different zonular groups is closely related 
to how the lens shape changes during the process of accommodation. 

The prerequisite for analysing the synergistic actions of different 
groups of suspensory ligaments during the accommodative process is a 
deep understanding of the physiological functions of the zonular system. 

* Corresponding author. 
E-mail address: kehaowang@buaa.edu.cn (K. Wang).  

Contents lists available at ScienceDirect 

Computer Methods and Programs in Biomedicine 

journal homepage: www.elsevier.com/locate/cmpb 

https://doi.org/10.1016/j.cmpb.2023.107815 
Received 31 May 2023; Received in revised form 9 September 2023; Accepted 14 September 2023   

mailto:kehaowang@buaa.edu.cn
www.sciencedirect.com/science/journal/01692607
https://www.elsevier.com/locate/cmpb
https://doi.org/10.1016/j.cmpb.2023.107815
https://doi.org/10.1016/j.cmpb.2023.107815
https://doi.org/10.1016/j.cmpb.2023.107815
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cmpb.2023.107815&domain=pdf


Computer Methods and Programs in Biomedicine 242 (2023) 107815

2

Most of the zonular fibres originate from the posterior flat part of the 
ciliary body (pars plana) and traverse anteriorly to firm attachment to 
the surface of the ciliary process [2,3] where they are divided into three 
major groups, namely the anterior, the posterior, and the equatorial 
zonular fibres. These three groups of zonular fibres are inserted into the 
lens capsule, a semi-elastic basement membrane within which envelops 
the lens, with the majority inserted in the peripheries of the anterior and 
posterior surfaces and the rest inserted in the equatorial region [1–3]. 
Other structures, including the vitreous zonule and anterior hyaloid 
membrane, have been purported to modulate lens shape change under 
the contraction and relaxation of the ciliary muscle [4–6]. 

Current accommodative theories differ in their explanation of the 
role of the different groups of zonular fibres, the synergetic behaviour of 
different zonular groups and the interactions between these groups with 
anterior hyaloid membrane and lens capsule in the process of accom
modation. The classical “relaxation theory” proposed by Helmholtz, 
postulates that different groups of zonular fibres have synchronous 
tensional behaviour when stretching the lens to a relatively flattened, 
unaccommodated state for distance vision and they decrease their ten
sions collectively to allow the lens to return to a more spherical shape in 
the accommodative state [7,8]. The major theory that challenges the 
Helmholtzian theory was proposed by Schachar who suggested that the 
anterior and posterior parts of the zonular fibres behave differently from 
the equatorial zonule during accommodation: the latter is under tension 
during the process of accommodation, whilst the anterior and posterior 
zonules relax [9,10]. Support from the vitreous in the accommodative 
process was proposed by Coleman who stated that contraction of the 
ciliary muscle induces a pressure difference between the anterior 
aqueous humour and the posterior vitreous body thereby causing a 
forward movement of the lens [11]. The gradient distribution of this 
pressure difference was theorised to produce a steeper central curvature 
and a flatter peripheral curvature of the anterior lens surface in order to 
increase the ocular refractive power [11]. 

The iris blocks the view of the lens equatorial region where the 
zonule is located when examining the eye using optical imaging 
methods and the low contrast and poor resolution of the images ob
tained from ultrasound or MRI measurements render it difficult to 
examine the in vivo functions of these critical structures involved in the 
accommodative process [12,13]. Computational modelling serves as a 
powerful substitute to explore questions that cannot be fully understood 
through in vivo or in vitro approaches. 

Most previous models have considered near to far accommodation by 
stretching the lens from a relatively spherical shape into a more flat
tened shape [14–18]. Burd et al. [14] firstly demonstrated the necessity 
in considering geometrical nonlinearity during Finite Element (FE) 
simulations; their lens models, which were applied with equatorial 
stretching forces, demonstrate support for the Helmholtzian theory. 
Schachar and Bax [15] stretched their lens models using different 
combinations of three major groups of zonular fibres and demonstrated 
the importance of zonular settings on the deformation and optical per
formance of the lens models. Hermans et al. [16] further considered 
different inserting regions of zonular fibres on the lens capsule using 
axisymmetric models although they found that this factor does not play 
an important role in accommodation. Wang et al. [17,18] considered the 
influence of a broader range of model parameters and, provided the 
three major groups of zonules with ability to move in different di
rections, a better physiological correlation can be provided by altering 
the zonular angles. The lens has a complex optical system attributed to 
the fact that it has a gradient distribution of refractive index which in
creases from the periphery to the central nuclear region where it remains 
relatively constant [19]. Such a gradient index distribution is deter
mined by the distribution and local concentrations of the structural 
proteins of the lens, the crystallins and this may further influence the 
biomechanical properties [19]. Further models developed by the same 
group [20] included a gradient distribution of elastic moduli for the lens 
to consider the opto-mechanical interactions, of which a comprehensive 

understanding is still needed. These above-mentioned models have 
applied tension to the zonular fibres to deform the lens from an 
accommodated state to an unaccommodated state. Yet, the opposite 
process i.e., modelling from the unaccommodated, flatter lens to the 
accommodative state, is required to properly understand the role of the 
zonule. 

The far-to-near accommodation had not been modelled until recent 
years because modelling the deformation of the lens from a stressed state 
to a less stressed state requires applying pre-stretch or pre-stress to the 
model. Wilkes et al. [21] accomplished such a process by creating a 
temperature field and applying it to the zonule with a hypothetical 
thermal expansion that stretched the lens into the unaccommodated 
state before the formal simulation. Cabeza et al. [22] introduced initial 
capsular stress to the lens model in the unaccommodated state so that 
the lens could return to the accommodative state when the zonular 
tension was released. The roles of different muscle fibres were consid
ered by Knaus et al. who developed a model driven by the action of the 
ciliary muscle [23]; this model mainly focused on analysing functions of 
ciliary muscle fibres in different directions and therefore adopted a 
relatively simpler arrangements of the zonular fibres [23]. 

Functions of the zonular fibres have been explored by in vitro me
chanical stretching to analyse their material properties [24,25], and by 
modelling studies to consider their macro or individual functions [26, 
27]. The supporting effect of the lens by the vitreous has also been 
considered by Ljubimova et al. [28] who included the vitreous in their 
models and captured the influence of the vitreous body, namely the 
so-called "squeezing" effect. 

The present study aims to explore the synergistic function of different 
zonular groups using three-dimensional finite element models of the 
anterior eye together with a custom developed pre-stress modelling 
approach. The developed model can be used to simulate the unaccom
modated state for distance vision to accommodation for near vision with 
applied pre-stress fields obtained from an initial process that activates 
the isolated lens shape into the unaccommodated state. The roles of each 
individual zonular group as well as the effect of the vitreous membrane 
and anterior hyaloid membrane on accommodation were investigated. 

2. Methods 

The three-dimensional model of the whole eye includes the cornea, 
the sclera, the choroid and the major components involved in accom
modation, i.e., the lens, ciliary body and five groups of zonular fibres 
(Fig. 1a and 1b). The lens model consists of the lens nucleus, lens cortex 
and lens capsule. The zonular system includes the anterior zonular fibre, 
the equatorial zonular fibre, the posterior zonular fibre, the vitreous 
zonule which connects the ciliary body to the anterior hyaloid mem
brane and the pars plana zonule (Fig. 1c), identified in accordance with 
the nomenclature of Bassnett [1]. Structures like the iris and the optic 
disc were not considered as they have no known functional role in 
accommodation. 

2.1. Model geometry 

The geometric parameters used to develop the lens model were based 
on a 35-year-old human eye lens according to our previous study [29]. 
Geometric parameters of the ciliary body taken from Knaus et al. [23], 
were originally from an in vivo morphological observation of the ciliary 
muscle using Optical Coherence Tomography (OCT) and Ultrasound 
Biomicroscopy (UBM) [4,5,30]. The choroidal size and partial parame
ters of the sclera taken from Knaus et al. [23], were originally from 
high-field micro-MRI imaging of human eye globes [31]. Geometric 
parameters of the cornea were taken from Cabeza-Gil et al. [22] Details 
of all components of the developed eye model are provided in Table 1. 
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2.2. Material properties 

The cornea and sclera were considered with a neoHookean hypere
lastic material model according to Eq. (1) using material constants from 
Cabeza-Gil et al. [22] (listed in Table 2). 

W =
μ
2
(I1 − 3) +

1
D
(J − 1)2 (1) 

Each component of the lens was modelled with linear elastic, 
isotropic, and homogeneous materials. The elastic moduli assigned to 
the nucleus and cortex of lens were taken from measurements of Wilde 
et al. [34], who used the non-destructive spinning lens method to 
determine the elasticities of the nucleus and cortex. The lens was 
considered as nearly incompressible [35–37] with a Poisson’s ratio of 
0.49 for the lens and 0.47 for the lens capsule and zonular fibres [29]. 
(Poisson’s ratio is a measure of the compression in one direction when a 
material is being stretched in the perpendicular direction and has an 
upper limit of 0.5 when the material is incompressible. A Poisson’s ratio 
of 0.49 applies to almost incompressible behaviour and has been widely 
used in modelling studies of eye lenses [16–18,28,29].) Detailed mate
rial properties of each part are shown in Table 2. The ciliary body and 
the choroid were also assumed to be of linear elastic and isotropic ho
mogeneous materials. Young’s modulus of the choroid was taken from a 
previous study [38] whilst Young’s modulus of the ciliary body was 
determined according to the elasticity ratio between the lens and the 
ciliary body as used in the eyeball model for rupturing analysis by Liu 
et al. [39]. 

2.3. FE model development 

The FE model was developed in ANSYS Mechanical APDL (ver. 
2021a). Considering the symmetry, a quarter model of the eye was 
established to reduce calculation time by treating the optical axis as the 
axis of symmetry. 

The major components of the model, including the cornea and the 
sclera, the choroid, the lens nucleus, the lens cortex and the ciliary 
muscle were meshed using 8-node brick elements (ANSYS element type: 
SOLID 185) using the reduced integration method. The lens capsule and 
the anterior hyaloid membrane were meshed using 4-node shell ele
ments (ANSYS element type: SHELL 181) with membrane stiffness only. 
The different groups of zonular fibres were meshed using 2-node link 
elements (ANSYS element type: LINK 180) with tensional behaviour 
only. Each zonular fibre was meshed with a single LINK180 element and 
was assigned with a cross-sectional area of 0.012mm2, the length of the 
anterior, equatorial, posterior, vitreous and pars plana zonules are 
2.225 mm, 1.520 mm, 2.613 mm, 1.288 mm, 3.540 mm, respectively. 
The vitreous has a physiological role in maintaining intraocular pressure 
and was modelled using 5-node three-dimensional hydrostatic elements 
(ANSYS element type: HSFLD 242) with incompressible fluid behaviour. 
The total number of elements and total number of nodes of the 

Fig. 1. (a) Model structure diagram in front view and zonular fibres system partial diagram in (b) front view and (c) inclined view.  

Table 1 
Geometric parameters used to construct the eye model.  

tissue Value(mm) Source 

Lens cortex anterior thickness 0.88 Wang et al. [29] 
Lens nucleus anterior thickness 0.90 Wang et al. [29] 
Lens nucleus posterior thickness 1.84 Wang et al. [29] 
Lens cortex posterior thickness 0.92 Wang et al. [29] 
Lens equatorial diameter 8.94 Wang et al. [29] 
Lens nucleus equatorial diameter 5.40 Wang et al. [29] 
Cornea thickness at anterior 0.50 Das et al. [32] 
Cornea Outer radius 7.80 Cabeza-Gil et al. [22] 
Cornea Inner Radius 6.50 Cabeza-Gil et al. [22] 
Anterior chamber depth 3.10 Mousavi et al. [33] 
Sclera thickness at equator 0.50 Das et al. [32] 
Sclera Outer radius 12.25 Knaus et al. [23] 
Sclera thickness at ora serrata 0.59 Knaus et al. [23] 
Ciliary muscle length 4.60 Knaus et al. [23] 
Ciliary muscle length: spur to apex 0.88 Knaus et al. [23] 
Ciliary muscle thickness at apex 0.72 Knaus et al. [23] 
Ciliary muscle thickness at 25% length 0.54 Knaus et al. [23] 
Ciliary muscle thickness at 25% length 0.33 Knaus et al. [23] 
Ciliary muscle thickness at 25% length 0.16 Knaus et al. [23] 
Choroid thickness at equator 0.27 Knaus et al. [23]  

Table 2 
Material properties used to construct the eye model.  

tissue E(MPa) ν μ(MPa) D 
(Mpa− 1) 

Source 

Cornea   0.44528 0.19413 Cabeza-Gil et al.  
[22] 

Sclera   0.20546 0.08971 Cabeza-Gil et al.  
[22] 

Choroid 0.6 0.49   Wang et al. [38] 
Ciliary 

muscle 
0.006 0.49   Liu et al. [39] 

Lens cortex 0.002607 0.49   Wilde et al. [34] 
Lens nucleus 0.000776 0.49   Wilde et al. [34] 
Lens capsule 4.9 0.47   Wang et al. [29] 
zonular 

fibres 
0.35 0.47   Wang et al. [29]  
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developed quarter model is 119,050 and 121,829, respectively. Sym
metric boundary conditions were added to the planes of symmetry, and 
the three translational degrees of freedom were constrained for nodes 
located on the outer scleral surface of the model. Nonlinear geometrical 
analysis was performed for all simulations to consider the large defor
mation effect. 

2.4. Establishment of pre-stress approach and initial simulations 

The present study has proposed a lens pre-stress modelling approach 
to simulate the unaccommodated state for distance vision to accom
modation for near vision, mimicking the process by which the lens 
returns from a relatively flattened shape to a more spherical shape. The 
lens geometry used in the present study was taken from optical mea
surements of the isolated lens [40] that had been freed from any zonular 
tension. A fully accommodated lens in vivo, however, may still be under 
minimal tension to keep the lens in a physiologically stable position. To 
address this concern, an initial simulation for obtaining the pre-stress 
field of the lens model was performed by simulating deformations of 
the lens from its fully stress-free state to a stressed, unaccommodated 
state (Fig. 2a). To do this, the lens model, which includes the lens nu
cleus, the lens cortex and the anterior, equatorial and posterior zonular 
fibres, was firstly isolated from the whole eye model and displacements 
were applied to the endpoints of the three zonular fibre groups to mimic 
around 6.5 dioptres of optical change, which is the accommodative 
capacity that can be expected of a lens in the 4th decade of life (Fig. 2b). 
The anterior zonule was angled posteriorly at 16 ◦, the equatorial zonule 
was along the horizontal direction and the posterior zonule was given an 
anterior incline of 21 ◦. Displacements of 0.42 mm, 0.315 mm, and 0.35 
mm were applied to the anterior, equatorial, posterior zonules respec
tively, along their fibre orientations. The anterior, equatorial, posterior 
zonules had lengths of 2.198 mm, 1.104 mm and 2.239 mm, respec
tively. The element type and material parameters were as same as the 
whole eye models described above. 

Nonlinear geometrical analysis was performed to consider the large 
deformation effect. The six stress components (three normal stresses and 
three shear stresses) and the deformed coordinates of each node taken 
from the flattened lens model resulted from above simulations were 
treated as inputs/pre-stresses to the full anterior eye model used for the 
formal simulation. 

2.5. Mesh convergence analysis 

A mesh convergence analysis was conducted to ensure that the mesh 
density met the calculation requirements. A total of 4 models with 
different mesh densities (971, 2583, 18,623 and 113,423 elements) were 
created (Figs. 3a-d). The test results showed that the displacements at 
the equator, the anterior and posterior pole tended to converge with the 

model of 18,623 elements (Figs. 3e-g). This mesh density was used for 
formal analysis in the present study. 

2.6. Simulations and data analysis 

The pre-stressed lens component obtained from the initial simula
tions was then assembled with the anterior eye model so that during the 
formal simulation, the lens would release its internal stresses and 
transmit tensions to its surrounding tissues including the five groups of 
zonular fibres and the ciliary muscle until an equilibrium state is 
reached. During this process, the lens returned from an unaccommo
dated state to an accommodated state (Fig. 4a). 

To investigate the contributions of each group of zonular fibres, one 
out of the five zonular groups was eliminated in sequence, creating 
additional five models with different zonular components (Figs. 4b-f): a 
model without the anterior zonular fibres (AZ cut), a model without the 
equatorial zonular fibres (EZ cut), a model without the posterior zonular 
fibres (PZ cut), a model without the vitreous zonules (VZ cut), and a 
model without the pars plana zonules (PPZ cut). The lens deformation 
and changes in zonular tension of the five models with different zonular 
configurations were compared with the results of the model with all five 
groups of zonular fibres (ALL). Parameters describing the lens defor
mation, i.e., the radii of curvature of the anterior and posterior surfaces 
(Ra and Rp) as well as the sagittal plane thickness (T) of both the whole 
lens and the lens nucleus, were calculated using the nodal coordinates of 
the nodes extracted from the corresponding surfaces of the lens model 
within the central 6 mm zone [41]. The above parameters were used to 
build the lens optical model in ZEMAX OpticStudio (ver. 20.3.2) to 
calculate the effective focal length of the lens. The lens optical model 
consists of four major surfaces, the anterior lens surface, the anterior 
nuclear surface, the posterior nuclear surface and the posterior lens 
surface. The nuclear and the cortical region were assigned refractive 
index values of 1.406 and 1.391 respectively, according to a previously 
reported 35-year-old optical model [42]. The Central Optical Power 
(COP) of the lens was determined by calculating the reciprocal of the 
effective focal length of the lens optical model. For each model, the 
change of anterior and posterior radii of curvature in response to 
changes in COP was fitted by linear regression analysis. The standard 
t-test analysis (using a significance level of 0.05) for comparing two 
independent slopes was performed between modelled results and in vivo 
published data from OCT measurement of 13 young subjects who 
responded to accommodative stimuli up from 0 to 6D, in 1.5D steps 
[41]. 

Fig. 2. (a) Deformation of the lens model under stretching of three sets of zonules during initial simulation (black line indicates undeformed shape) and (b) resultant 
changes in thickness as well as anterior and posterior radius of curvature up to 6 dioptres change in optical power. 
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3. Results 

3.1. Changes in lens shape 

During simulated accommodation, the components of the model 

underwent different levels of deformation and the lens returned from a 
relatively flattened shape to a more spherical shape with little 
displacement seen at the posterior pole (Fig. 4a). Notably, there is an 
inconsistency in lens shape between the isolated state and the accom
modated state as seen the parameters listed in Table 3. Changes in 

Fig. 3. The lens models with different mesh densities (a) model with 971 elements, (b) model with 2583 elements, (c) model with 18,623 elements, (d) model with 
113,423 elements, and the simulated change in (e) equatorial diameter, (f) anterior polar displacement and (g) posterior polar displacement with increasing 
mesh densities. 

Fig. 4. The deformed and undeformed models with different zonular arrangements (the black dashed line represents the undeformed edge). (a) the model with all 
five groups of zonules; (b) the model without the anterior zonules; (c) the model without the equatorial zonules; (d) the model without the posterior zonules; (e) the 
model without the vitreous zonules; (f) the model without the pars plana zonules. (AZ: anterior zonule, EZ: equatorial zonule, PZ: posterior zonule, VZ: vitreous 
zonule, PPZ: pars plana zonule). 
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anterior radius of curvature (Ra), posterior radius of curvature (Rp) and 
sagittal thickness of the model with all five groups of zonular fibres, 
plotted against changes in COP, were compared with those reported in 
an in vivo study [41] (Fig. 5). There is no statistically significant differ
ence between modelled results and the in vivo measurements for the 
anterior radius of curvature (p = 0.6567). However, statistical differ
ences were found for the posterior radius of curvature (p = 0.0179) and 
the sagittal thickness (p = 0.0058). 

Changes in the shape parameters of the deformed lens models plotted 
against the changes in the COP for the model with all five zonular fibres 
as well as for the five models with one zonular part eliminated are shown 
in Fig. 6. The shape parameters of the models follow the same trend with 
increasing change in COP: both the anterior and posterior radii of cur
vature decrease as the change in COP increases, with higher rate of 
change seen for the anterior radius of curvature than for the posterior 
radius of curvature (Figs. 6a,b). With accommodation, the anterior pole 
moves forward (Fig. 6e), the posterior pole moves backward (Fig. 6f), 
and the anterior polar displacement is greater than that of the posterior 
pole. The lens sagittal thickness increases while the equatorial diameter 
decreases with accommodative change (Figs. 6c,d). Lenses in all six 
models show similar trends in simulated shape change. 

To compare the functional differences between the zonules, param
eters related to lens shape in all six models were compared (Fig. 7). The 
optical power change is the highest with simulated shape change in the 
anterior zonular-cut model and is the lowest in the equatorial zonular- 
cut model. The amount of change in COP is almost identical between 
the model with all zonules and the rest three models (Fig. 7a). Change in 
COP in the all-zonules model (5.313D) is lower than that in the anterior 
zonular-cut model (5.966D) but is higher than that in the equatorial 
zonular-cut model (4.305D). The anterior radius of curvature shows the 
lowest value in the anterior zonular-cut model but the highest value in 
the equatorial zonular-cut model (Fig. 7b). The posterior radius of cur
vature of the equatorial and posterior zonular-cut models are higher 
than those of the other models (Fig. 7c). The thickness variations 
amongst different models (Fig. 7d) are similar to the changes in COP 
shown in Fig. 7a. The equatorial diameter is lowest in the anterior 
zonular-cut model and highest in the equatorial zonular-cut model 

(Fig. 7e). The anterior zonular-cut model shows the highest anterior 
polar displacement whilst this value is lowest in the equatorial zonular- 
cut model (Fig. 7f). Changes in the anterior and posterior radii of cur
vature and thickness per dioptre can be quantified using the slope of 
linear regression lines (Figs. 7g, h, i). Compared with the all-zonules 
model, the anterior zonular-cut model shows a higher anterior slope 
but lower posterior slope, the equatorial zonular-cut model shows a 
lower anterior slope, higher posterior slope and much higher thickness 
slope (Fig. 7g, h, i). Overall, vitreous and pars plana zonular-cut models 
show similar results to those of the all-zonules model. 

3.2. Changes in zonular tension 

To investigate how the zonular system transmits tension from the 
ciliary body to the lens, the average axial strain and the average axial 
stress of each zonular set in all six models in the fully accommodated 
state were obtained (Figs. 8). The stress and strain values of all zonules 
were averaged because numerical calculations cannot give exactly the 
same values amongst different zonules (The standard deviations of 
stresses and of strains vary between 0.00003Mpa to 0.00105Mpa and 
between 0.00011 to 0.00300 amongst different zonular cut models). 

The circumferential sum of axial force (on a 360-degree full model 
basis) in all models were listed in Table 4. In the all-zonules model, the 
anterior and equatorial zonular fibres carry most of the tension and 
strain, the posterior and pars plana zonular fibres carry relatively lower 
amounts of tension and strain; the vitreous zonules seem to have 
negligible impact (Figs. 8a). In the anterior zonular-cut model, tension 
and strain in the equatorial zonules increases (Figs. 8b) whilst in other 
zonular-cut models, the distributions of tension and strain amongst 
different zonular groups show little variation (Figs. 8c,d,e,f). 

At the end of simulation when the model entered the maximum 
accommodated state, the equatorial zonular tension in the anterior 
zonular-cut model is higher than that in the all-zonules model. 
Conversely, the posterior zonular tension in the anterior zonular-cut 
model is lower than that in the all-zonules model. The anterior zon
ular tension in the equatorial zonular-cut model is slightly higher than 
that in the all-zonules model. The posterior zonular tension in the 
equatorial zonular-cut model is higher than in the all-zonules model 
(Table 4). 

3.3. Deformation of the ciliary body 

The Anterior Ciliary body Length (ACL) and the maximum width of 
the ciliary body (CMmax) before and after the simulation were deter
mined (Fig. 9a). Changes in both the ACL and the CMmax during ac
commodation, as simulated in the present study, were compared with 
the in vivo measured data reported by Sheppard and Davies (2010) [30]. 
Changes in ACL simulated by the models are similar to those measured in 
vivo on the temporal side [30]. It should be noted the CMmax in the 

Table 3 
The parameters of lens in the isolated state and in the accommodated state with 
different zonular fibres groups.   

Ra/mm Rp/mm Equatorial diameter/mm Thickness/mm 

Isolated 9.081 5.799 8.940 4.540 
ALL 10.060 5.835 9.044 4.457 
A 9.263 5.839 9.026 4.517 
E 10.931 6.047 9.058 4.393 
P 10.042 5.922 9.042 4.452 
V 10.059 5.832 9.044 4.459 
PP 10.032 5.847 9.030 4.462  

Fig. 5. The change in (a) anterior radii of curvature, (b) posterior radii of curvature and (c) sagittal plane thickness for the model ALL and in vivo study with change 
in COP. Statistical t-test for comparing two independent slopes was performed between modelled results and in vivo measured data for each displayed parameters 
with p values displayed in each figure. 
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present study was compared with the in vivo measured CM25 [30] which 
represents the ciliary muscle width at 25% of the overall ciliary muscle 
length (Table 5). Comparisons in von Mises stress distribution in the 
ciliary body were made between the all-zonules model (Fig. 9b) and the 
five zonular-cut models (Figs. 9c to 9g). In the anterior zonular-cut 
model (Fig. 9c), stresses in the anterior end of the ciliary body are of 
lower magnitude than those in the all-zonules model (Fig. 9b), while in 
the equatorial and pars plana zonular-cut models (Figs. 9d,g), stresses in 
the pars plana region do not show the high magnitudes that are seen in 
the all-zonules models. 

4. Discussion 

In the present study, the contributions of five groups of zonular fibres 
(including the anterior, the equatorial, the posterior, the vitreous and 
the pars plana zonules) to accommodation have been investigated by 
adopting the classical control variables method. A pre-stressed 

modelling approach was proposed to simulate the positive accommo
dative process that alters the visual focus from far to near. In total, six 
models were developed by removing one of the five zonular groups in 
each model and treating the model with all five zonular groups as the 
reference model. Results of the five zonular-cut models were compared 
with that of the all-zonules model. The reference model demonstrated a 
series of accommodative changes that are comparable with those re
ported previously [41,43,44], mainly occur in the lens section, i.e., the 
anterior and posterior surface curvature as well as the sagittal thickness 
increased with a concomitant forward movement of the anterior pole, 
whilst the equatorial diameter decreased. These changes in lens shape 
contribute to an increase in the COP. The cornea demonstrated negli
gible change in thickness and curvature with simulated accommodation. 

Previous in vivo observations of ciliary body movement, such as using 
pharmacologically induced accommodation imaged by ultrasound mi
croscopy [4,5] and by anterior segment OCT [30], reported consistent 
findings: the apex of the ciliary body moves anteriorly and inward 

Fig. 6. The change in (a) anterior radii of curvature, (b) posterior radii of curvature, (c) sagittal thickness, (d) equatorial diameter, (e) anterior polar displacements, 
and (f) posterior polar displacements plotted against change in COP. (ALL: The model with all five groups of zonules, A: the model without the anterior zonules, E: 
the model without the equatorial zonules, P: the model without the posterior zonules, V: the model without the vitreous zonules, PP: the model without the pars 
plana zonules). 
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Fig. 7. The parameters related to lens shape in six models, (a) change of COP, (b) the anterior radius of curvature, (c) the posterior radius of curvature, (d) the 
thickness, (e) the equatorial diameter, (f) the anterior pole displacement, (g) absolute value of the anterior slope, (h) absolute value of the posterior slope, (i) the 
thickness slope. (ALL: The model with all five groups of zonules, A: the model without the anterior zonules, E: the model without the equatorial zonules, P: the model 
without the posterior zonules, V: the model without the vitreous zonules, PP: the model without the pars plana zonules). 

Fig. 8. The average axial strain and the average axial stress of each zonular set in all six models, (a) all-zonules model, (b) anterior zonular-cut model, (c) equatorial 
zonular-cut model, (d) posterior zonular-cut model, (e) vitreous zonular-cut model, and (f) pars plana zonular-cut models. (AZ: anterior zonule, EZ: equatorial 
zonule, PZ: posterior zonule, VZ: vitreous zonule, PPZ: pars plana zonule). 
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during distance vision to accommodation for near vision. Such defor
mation was also produced by the whole eye model developed in the 
present study. The values of elastic modulus reported in the literature 
cover a wide range and this could be attributed to the variety of tissue 
handling means and different measurement techniques [19]. The pre
sent study has used a linear elastic material model taking Young’s 
moduli measured by spinning the lens [34]. The results of the model are 
consistent with experimental measurements [4,5,30,41,43]. 

Results presented in this study show that the anterior zonular fibre 
has a negative effect on lens accommodative changes because the model 
without this zonular group has higher changes in optical power than that 
of the reference model. The equatorial zonular fibre has a positive effect 
on accommodation because the model without the equatorial zonules 
demonstrates lower changes in optical power. The model without the 
posterior zonular fibre produces a lower change in COP while the model 
without the pars plana zonules produces a higher change in COP, both 
slightly, than does the reference model, which indicates the positive 
effect of posterior zonular set and the negative effect of pars plana 
zonules on accommodation. It can be clearly seen that the contribution 
to change in optical power by the equatorial zonular fibre is much larger 
than by the posterior zonular fibre (Fig. 7). The vitreous zonules and the 
pars plana zonules seem to have little effect on the lens optical power 
change. The anterior and the equatorial zonular fibres have the major 
influence on lens power change. However, the pars plana zonular fibres 
appear to have an important effect on the deformation of the ciliary 
body, for when these zonular fibres are absent, the stress at the posterior 
end of the pars plana decreases significantly (Fig. 9). The pars plana 
zonules pull the pars plana during accommodation and limit the forward 
movement of the ciliary process. This is also found in vivo studies in 
primates: lysis of the pars plana zonular fibre leads to the increase in 

forward movement of the ciliary muscle apex and in muscle width [45]. 
An additional finding was observed during in vivo OCT examination of 
the human eye: during accommodation the choroid around the optic 
nerve thinned and moved centrifugally [46], suggesting that the influ
ence of vitreous system cannot be ignored during ciliary muscle 
movement. 

This work reveals functional differences between different groups of 
zonular fibres using computational models assuming that the ocular 
structures are symmetric about the central optical axis. Spatial varia
tions in zonular tension related to the tilting of the human lens [47,48] 
as well as to spatial changes in the ciliary muscle [30] have been noted. 
These are worthy of investigation in future modelling studies that 
consider individual parametric variations. 

The sum of the zonular forces at the end of simulation ie maximum 
accommodation was 44.61mN which concurs with the value of 
55.81mN reported in a previous in vitro stretching experiment on a 47- 
year-old human eye [25]. In other simulation studies, the mean value 
of the total net force delivered by the zonular fibres and ciliary muscle in 
a 29-year-old lens model with different material properties was 56mN 
[49], the zonular force in this paper is similar to the results obtained 
from previous studies. 

In an in vitro stretching study of cynomolgus monkey lens, Nankivil 
et al. [50] found that in the absence of the anterior and equatorial 
zonules, 69% of the change in optical power is retained, which suggested 
that the posterior zonules and anterior hyaloid membrane play a sig
nificant role in accommodation. However, this study did not evaluate 
the individual role of different zonules and the in vitro stretching 

Table 4 
The circumferential sum of axial force of each zonular set in all six models.  

Circumferential axial force (mN) AZ EZ PZ VSZ VLZ 

ALL 14.160 18.844 3.272 0.330 8.007 
A  22.159 0.010 0.104 6.336 
E 14.233  6.392 0.156 3.479 
P 13.645 20.255  0.522 7.579 
VS 14.100 18.797 3.352  8.016 
VL 13.077 15.992 2.199 0.584   

Fig. 9. The shape of ciliary muscle, (a) the dotted line represents the outline in unaccommodated state, and blue solid represents the shape in accommodated state, 
the dotted and solid arrows stand for CM parameters in unaccommodated state and accommodated states respectively. The stress distribution (von Mises stress in 
MPa) of the ciliary muscle (b-g), from left to right are the results of the all- zonular model and the vitreous and pars plana zonular-cut models, respectively. 

Table 5 
The accommodative changes of ciliary muscle dimensions.    

Ciliary muscle dimensions   

ACL CMmax 

Sheppard Nasal − 9.30% 2.80% 
Temporal − 17.78% 3.82% 

ALL − 17.88% 2.03% 
A − 21.22% 4.84% 
E − 29.07% − 0.53% 
P − 18.12% 1.97% 
V − 17.87% 2.06% 
PP − 17.37% 2.47%  
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experiment involved destructive operations to the eyeballs that would 
have altered the lens deformation [50]. The simulations in the present 
study, confirm that the anterior zonules have a greater effect on the 
anterior lens surface while the posterior zonules have a greater effect on 
the posterior lens surface; in accordance with the findings of an in vitro 
stretching experiment [51]. In addition, simulation results show that the 
rate of change in radius of curvature per dioptre and the polar 
displacement are higher on the anterior surface than on the posterior 
surface, which concurs with previous in vivo observations [43,52]. 
Displacement of the posterior pole during accommodation is almost 
negligible, suggesting that the anterior curvature predominantly con
tributes to the change in power during accommodation of the lens. 
Although statistical differences were found for the posterior radius of 
curvature and the sagittal thickness, the model provides a closer rela
tionship between the anterior surface and the in vivo measurements 
[41]. 

When the anterior zonular fibres were removed, in the fully 
accommodated state there was an increase in the equatorial zonular 
tension and a decrease in posterior zonular tension (Table 4) and a 
resultant increase in COP (Fig. 7). When the equatorial zonular fibre was 
removed, the anterior zonular tension in the fully accommodated state 
increased slightly while the posterior zonular tension increased signifi
cantly (Table 4) and this resulted in a decrease in the change of COP 
(Fig. 7). The results, which show that the increase in equatorial zonular 
tension alone would increase accommodation, suggest that the equato
rial zonular fibres are active contributors to increasing the lens optical 
power during accommodation. The importance of the anterior zonular 
fibres in the accommodative process has been demonstrated in a number 
of previous studies [53]. For instance, the apparent anterior shift of this 
part of the zonule with age [54,55] has been considered as a contrib
uting factor to the onset of presbyopia [54]; the abnormality of the 
anterior zonules has been associated with ocular abnormalities or dis
ease including higher intraocular pressure and plateau iris configuration 
[56,57]; the angle of anterior and posterior zonules affects the accom
modative response [18]. Findings from these studies suggest that the 
functions of the anterior zonules may be more complex and vital for 
accommodation than has been considered thus far. Future work is 
needed to investigate a wider range of factors with more sophisticated 
and physiologically relevant models. 
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