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Abstract

Purpose: This study investigates how both the peripheral zone design and corneal shape affect the

behaviour of soft contact lenses on-eye.

Methods: In this study, soft contact lenses of varying nominal cylindrical powers and peripheral zone
designs — a single-prism gravity-based stabilised lens (G1P), two-prism blink-based stabilised lens
(B2P) and four-prism blink-based stabilised lens (B4P) — were generated as finite element models.
The on-eye simulation results were analysed to identify the impact of each peripheral zone design
(Each with different volume ratios) on the effective power change (EPC) when worn by a subject.
Topographies of three eyes of varying average simulated anterior corneal curvature (flat, average &

steep) were used in this study.

Results: The volume of the lens’s peripheral zone as a ratio of the total lens volume (V,) recorded
very weak correlations with the effective power change (EPC) among the three investigated designs
when they were fitted to the flat eye (R=-0.19, -0.15 & -0.22 respectively), moderate correlations with
the average eye (R=0.42, 0.43 & 0.43 respectively) and strong correlations with the steep eye
(R=0.91, 0.9 & 0.9 respectively). No significant differences were noticed among the three investigated
designs and none of the cylindrical lenses designed with axis 90° recorded EPC values outside the
acceptance criteria range (ACR) of £0.25 D. No significant differences in EPC were recorded among
the three designs G1P, B2P and B4P (p>0.6) when they were designed with three axes at 90°, 45°
and 0°. Moving the toric lens axis away from 90° dragged the EPC to the negative side and most of

the investigated lenses with axes at 45° and 0° recorded EPCs outside the +0.25D range.

Conclusions: In all cases, the shape of the cornea had a more dominant effect on EPC when
compared to the peripheral zone design. Corneal shape influences the soft toric contact lens’s on-eye

power change more than the lens design.
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Introduction

Contact lenses are medical devices worn by over 150 million people worldwide [1]. Soft-structured
contact lenses consist of two main zones; the optic zone designed to achieve the required refractive
power that have few parameters for adjustment, and the peripheral zone which is designed to keep
the lens on the eye using several geometric parameters [2]. In soft contact lens design, the peripheral
zone is a specific region connecting the optic zone to the edge profile. This zone is substantial in
contact lens fitting; it has been shown that the peripheral corneal shape has a more significant role in
successful contact lens wear than the central radius of curvature of the cornea [3, 4]. Also when a soft
contact lens is fitted to a cornea, it is the peripheral zone that flexes and deforms most [5] which may
then influence the optic zone, to which it is connected. Any deformation of the optic zone will, in turn,
affect the optical power profile. This change in lens power is termed effective power change (EPC).
Mostly, soft lenses fitting approaches lack scientific basis compared to Rigid Gas Permeable (GP)
lenses [6]. In the published literature, designers did not go into the scientific details of why certain
soft lenses design patterns work better than others. The actual physical characteristics of the lens
were either overlooked when calculating refractive optical power [7, 8] or simplified to theoretical

statements of flexure hypotheses or empirical models [9-16].

In spherical soft contact lens designs, the peripheral zone is normally rotationally symmetrical and
has a uniform thickness in all polar directions, thus changes are expected to be transmitted almost
symmetrically. However, in toric lenses, the design requirement to avoid rotation [17] has led to the
design of various stabilisation methods [18] which result in non-symmetrical areas of thickness in the
peripheral zone. As the regional increased thickness influences the mechanical behaviour of the
peripheral zone. It follows that the central optic zone also flexes in different ways depending on the
stabilisation design, which affects the optical power profile. The question arises as to whether this

change would affect the lens’s refractive power significantly.
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To determine the EPC in soft contact lenses when worn on-eye, a few techniques have evolved in
the literature [5]. Strachan et al [6] proposed a technique to demonstrate the effect of lens geometry
on the power of the lens on-eye. To achieve this, they used the ratio between the lens base curve
and the radius of the cornea. For a more comprehensive review of the optical properties used in

contact lens design, the reader is referred to Whittle et al [19].

Current market trends show an overall move towards disposable lenses [20]. Although some monthly
lenses have a relatively wide parameter range, daily disposable lenses are constrained by the method
of manufacture (injection moulding), and often offer no more than two base curves and one diameter
— in fact, most brands only offer one base curve. As the flexure of the peripheral zone, will depend
on the overall curvature of the cornea, it might be expected that some wearers will experience poor
fitting [21] or an EPC, as outlined previously. Additionally, this change may be more pronounced for

toric soft contact lenses due to the thickness changes and the influence of the stabilisation design.

The three most common soft toric stabilisation designs in the market are: (1) single prism (commonly
known as prism ballast) or gravity-based stabilisation (G1P), Fig 1a; (2) two-prism blink-based

stabilisation (B2P), Fig 1b; and (3) four-prism blink-based stabilisation (B4P), Fig 1c.

In addition to the main requirement of correcting refractive errors, soft contact lenses are designed to
fit the eye. Although the design of the optic zone is restricted by the refractive power prescription, the
design of the periphery zone has been left to the soft contact lens designer to construct using
experience and common sense. There has been comparatively little work performed on peripheral

zone design when compared to the research which has been conducted on the optic zone [22, 23].

The contact lens’s capacity to refract light (refractive power) is a function of its surface shape and its
refractive index which is constant for any material. As a soft contact lens settles on the eye, it changes
its surface curvature as a result of being subject to the eyelid pressure and the tear surface tension

force. For this reason, the soft contact lens’s refractive power on-eye is not the same as it is off-eye,
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where the lens is designed, manufactured and passed its quality control final inspection. The design
of the peripheral zone affects the flexure of the whole soft contact lens and hence, affects the EPC
within the optic zone. Thus, the results of this study explain unexpected requirements for over-

refraction for certain subjects seen in clinical practice, depending on their corneal shape.

The first peripheral zone design investigated in this study was the G1P, which is widely used in the
contact lens industry and comprises a thicker section at the bottom of the contact lens. This design
works with gravity to stabilise the lens automatically since the lower half is thicker, and therefore
heavier, than the rest of the lens. The G1P design assumes that the weight of the thicker portion
reacts with gravity such that when the centre of gravity is directly beneath the centre of rotation, the
moment is reduced to zero, and so the lens stabilises in this position [24]. This type of stabilisation
has minimal eyelid interaction and has the disadvantage of causing lens mis-location if the head is

moved from the vertical.

B2P designs evolved from the early forms of “dynamic stabilisation” where the upper and lower
portions of the lens were thinned to create a horizontal band of thicker material which interacted with
the eyelids [25]. This design evolved into specific zones at 3 and 9 o’clock positions which interact

with the lids in a more controlled fashion.

B4P designs [26] replace each prism zone with two smaller ones placed above and below the
horizontal plane in order to interact with the eyelids more directly [27] and have advantages over other
toric designs under a range of viewing conditions [28]. To gain a tangible perspective of how the three
lenses change when placed on eyes, they needed to be tested on a range of different shaped corneas.
The optimal soft contact lens adaptation, which allows patients’ comfort, good quality of vision and
minimal interference with ocular surface functions and metabolism, is the result of a delicate balance

between eye and lens dimensions and mechanical properties.

In order to simulate different contact lens fitting scenarios, three sets of eyes and contact lens fits
were modelled by considering flat, average and steep corneas, the selection of eyes was carried out

considering Gilani’s population study [29], where the median of the flat power simulated keratometry

5
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(Sim-K) was 43.8 D, and the bounds of “flat” and “steep” corneas were determined by applying one
standard deviation of +1.38 D. Both axial and tangential curvature maps of the three eyes used in this

study are presented in Fig 2. Additionally, the trigonometries behind these maps are given in Appendix

(A).

This study investigates the effect of employing three different peripheral zone stabilisation designs on
the EPC then determines which feature influences on-eye EPC, the eye shape or the contact lens
design. Although the authors’ previous studies have been conducted on the effect of contact lens
power on EPC [5, 30], this work introduces a hew and more relevant approach, where the eye is not
considered as a rigid solid body. In terms of design, the lenses considered in this study are designed
using three peripheral zone designs, whereas the previous studies [5, 30] only considered a single
peripheral zone. Previous studies [5, 30] employed lenses that, despite being valid designs, do not
match those that are used in the soft contact lenses industry. The current work utilises lenses with a
reduced concave geometry, thus allowing for improved tear circulation and for better compatibility

with those used in the industry.

Materials and methods

Participants

The presented record review used fully anonymised secondary data, which according to the University
of Liverpool’s Policy on Research Ethics, ethical approval was unnecessary. Nevertheless, the study
followed the tenets of the Helsinki Declaration of 1964 (revised in 2013). Written informed consent
was also provided in the primary data collection by all participants for the use of their de-identified

data in scientific research [31].

In order to represent the normal corneal shape range, three sets of corneal topographies obtained
using an Eye Surface Profiler (ESP) (Eaglet Eye BV, Houten, The Netherlands) from three subjects
were selected for processing in this study. These were classified as flat, average and steep corneas
[32] in terms of their flat simulated keratometry readings (flat-K): the average eye was within 0.5 SD

of the average flat-K, the flat and the steep eyes were below or above 1.5 SD [29]. The “flat” and
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“steep” corneal shapes were taken from the right eyes of 28 and 25-year old females respectively
(Flat Sim-K = 41.8 D & 46.8 D, Astigmatism = -0.17 D & -1.9 D, Angle = 2° & 3°). The “average”
corneal shape was taken from the left eye of a 24-year old male (Flat Sim-K = 43.8 D, Astigmatism =
-1.7 D, Angle = 3°). The selection of suitable eyes for inclusion in the study was carried out based on
the corneal topography population study of Gilani [29]. Accordingly, the median of the “average” Sim-
K was set to 43.8 D, and the bounds of flat and steep corneas were determined by applying one
standard deviation of £1.38 D [29]. By applying this classification to the patient data set, the corneas
were classified as “flat” if the flat meridian power was less than or equal to 42.4 D, “steep” for flat
meridian power of 45.2 D or above, and “average” if it was in-between. Recorded data was reviewed

and three eyes from healthy participants were selected for this study, based on their geometry.

Data processing

The eyes’ surface data was exported from the ESP software in the form of MATLAB (MathWorks,
Natick, USA) binary data container format (*.mat) where the characteristics of eyes, as measured by
the ESP system were extracted. Each selected eye’s topography data was processed by custom-built
MATLAB codes completely independent from the built-in ESP software digital signal processing
algorithms. Each eye’s topography data was measured over more than 250,000 points on average.
The ESP data comprises the anterior front-surface of the eye up to 20 mm without extrapolation. The
Z-axis represents the axial direction of the eye with an origin point resting on the corneal apex with
the eye on the negative side. In order to determine the cornea’s asphericities, conic models were
fitted to each cornea’s anterior surface of the flat, average and steep eyes where asphericity g and
corresponding shape factor k = g + 1 were obtained. The asphericity factor q is synonymous to the
overall curvature of the cornea, with positive values leading to increased steepness and negative
values inducing a flattening effect [33, 34]. Fitting was carried out by minimising the mean squares
error between the corneal surface and the fitted conic model for each eye. The corneal models

considered in this study utilised radii of 7.45, 7.04 & 6.42 mm, asphericities of g =-1.2, -1.107 & -



183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

1.154 and corresponding shape factors k=-0.2, -0.107 & -0.154 for the flat, average and steep eyes

respectively.

The scleral portion of the measured eye’s topography data was separated from the corneal portion
by detecting the limbus position. The detected limbal position on the eye’s anterior surface was then
identified through the three-dimensional (3D) non-parametric method introduced by Abass et al. in
2018 [35]. The limbus detection algorithm was based on the fact that the cornea and the sclera have
different curvatures [36] and the limbus is the boundary where the corneal curvature changes to match
that of the scleral globular shape [37]. Therefore, the position of the limbus was detected by locating

the turning point of the raw elevation 2" derivative at each meridian.

When the limbus was detected; the scleral topography data was first processed through an edge-
effect elimination process where topographical artefacts caused by the eyelash’s interference or tear
pooling were removed using the technique introduced by Abass et al. [31]. Once the scleral
topographical data is cleared of measurement artefacts, it was then fitted to a sphere using the least
squares error method, minimising the fitting error Err for every point i of the n points as described in

Eq. 1

n
Err = Z((Xi — X2+ (Y, — V)2 + (Z — Z.)* — RS?)’ Eq. 1
i=1

Where X;, Y; and Z; are the scleral height data, X, Y. and Z.; are the best-fitted sphere's centre

coordinates, and Rs is the radius of the sclera.

To construct a 3D eye geometrical model without losing the precision of the measured part of the
sclera, the measured portion of the anterior sclera was used in the construction process while the
best-fitted spherical surface was only used in the areas where no scleral surface measurements were
available. The constructed eye geometry was then used to build the finite element model as will be

shown later in this study.
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Contact lens design

The back and front-surfaces of soft contact lenses modelled in this study were configured to
approximate those that are commercially available. However, simulation of the specific design of
particular brands was not possible, as this is protected non-available information. Despite this, the

precise engineering principles of soft contact lens design were carefully considered in this study.

Each lens surface was divided into an optical zone and a peripheral zone (Fig 3). The front-surface
was designed to achieve three main requirements; the necessary optical power within the optic zone
of the lens, stabilisation through a balance prism profile (Tw) and a specified edge thickness (Te) at

the point where the peripheral zone merges into the edge profile.

Finally, due to clinical considerations, practical reasons and manufacturing restrictions, lenses cannot
be designed with sharp edges when two zones meet. To mitigate this, any sharp edges must be
smoothed. This study presents the mathematical details of how the geometry and locations of these

fillets were determined.

A custom-built MATLAB script was written to generate the geometrical shape of the lenses based on
the type of balance zone design, the design parameters and the optical power values. Although the
design process has been covered in previous studies [5, 30], for completeness, details of the lens
design are presented in Appendix (B). In addition to the details dealt with in previous work, the fillet

design and new peripheral zone design techniques are also outlined (see S1).

Finite element modelling

In this study, soft contact lens models were fitted on three eye models representing flat, average and
steep profiles, for a total number of 567 FE models with an average central processing unit (CPU)
time of 12.2 min per model while a 4-core processor HP tower workstation (HP Inc UK Limited,
Reading, UK) was being used. FE overall simulation wall-clock time was estimated as 117.3 hrs with

an average of 12.4 min per model. Sets of lenses’ geometrical profiles were digitally generated
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through the MATLAB software for the three investigated designs G1P, B2P and B4P before being
further processed to build an FE model for each lens. The cylindrical lens set was designed with 21
nominal powers ranging from -10 DC to 10 DC at cylinder axes 90°, 45°, and 0° in one dioptre optical

power step.

As the ESP can only measure the anterior surface of the eye and is not capable of measuring the
posterior cornea, the central corneal thickness (CCT) was taken as its reported average value of 0.55
mm [38] then increased to 0.70 mm and 0.56 mm at the peripheral corneal zone and equatorial ring
respectively [39, 40]. Additionally, at the posterior pole, the thickness was taken as 0.84 mm [41].
Ocular globe wall thickness was varied linearly with the elevation angle among the previously
mentioned regions. Eight-node first-order continuum solid hybrid brick elements ‘C3D8H’ were used
in one layer of elements to build the eye model and 2 layers to build the contact lens models in
ABAQUS (Dassault Systemes, Vélizy-Villacoublay, France) FE software package licenced to the
University of Liverpool, UK. Normally, the in-vivo human eye globe topography is measured whilst the
eye is stressed due to the intraocular pressure (IOP) hence, cannot be used for modelling without
pre-processing. To achieve the eyes’ stress-free geometry (at IOP=0 mmHg), eye globe models were
initially built with the inflated dimensions, then a stress-free adaptation of each model was calculated
individually by following the iterative method presented in [42]. In each case, the stress-free model
was computed by considering an average I0OP of 15 mmHg [43] and a maximal node position error
less than 10 mm. Once the stress-free models were determined, they were pressurised to IOP=15
mmHg through a uniformly distributed static pressure on the internal surfaces of the eye globe model
to mimic the aqueous and vitreous behaviour. The ABAQUS nonlinear geometry option “NLGEOM”
was set to “ON” during the inflation process and subsequent steps. This option allows loads to be
applied incrementally, whilst updating the stiffness matrix for each increment. Hence ABAQUS allows
nonlinear materials to be used for certain parts without altering linear FE formulation for linear

materials of other parts of the model.
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The FE mesh convergence study of eye’s model was carried out through applying internal pressure
of 15 mmHg on the internal surface of 14 eye models, half of them are double-layered, then monitoring
the relevant anterior eye’s apex displacement. Single layers models were constructed using 804,
5004, 20004, 80004, 180004, 320004 and 500004 nodes then inflated. Relevant apex displacement
in single-layer models were reduced by 0.0%, 3.0%, 3.8%, 4.7%, 4.7%, 4.7% and 4.7% respectively
while the 804-node model was taken as the datum. Double layers models were constructed using
1206, 7506, 30006, 120006, 270006, 480006 and 750006 nodes where apex displacement was found
to be reduced by 0.0%, 3.2%, 3.9%, 4.7%, 4.8%, 4.9% and -5.0% respectively while the 1206-node
model was taken as the datum. The outcomes showed that a number of the elements equal to 40000,
arranged in 200 rings (80004 nodes), in a single layer converged to the displacement of 201.545 um
at the apex node and was selected as an optimal number of elements for this simulation as it

compromised between the computational resources and the accuracy of the solution.

The contact lenses mesh was tested by 10 Plano lenses models, five of them were single-layered
with 20166, 20526, 21846, 23966 and 26886 nodes and the other five models were double-layered
with 20247, 20787, 22767, 25947 and 30327 nodes respectively. All contact lenses models were
tested when being fitted to the selected 80004 node eye model while the lenses apex displacement
was recorded. Lenses apex displacement was reduced by 0.0%, 0.8 %, 1.0%, 1.1% and 1.2% in
single-layered models and by 0.0%, 0.8%, 1.0%, 1.0% and 1.0% in double-layered models

respectively.

The outcome demonstrated that models with the number of the elements equal to 11680 arranged in
20 rings (22767 nodes) in double layers converged to the displacement of 203.425 pym at the apex
node and was selected as the optimal number of elements for the lens in this simulation. Lenses were
designed with an optic zone diameter d;=8 mm, balance zone diameter d,=11.25 mm, overall

diameter ds = 14.5 mm, and base curve R1,=8.2 mm.
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The contact lens material was simulated with the properties of non-ionic hydrogel with 77% water
content (Contamac, Saffron Walden, England, UK) and the eyelid effect by a nonlinear dynamic upper
eyelid blink pressure of P; = 8.0 mmHg [44] applied dynamically to the front surface of the lens. This
application occurred 0.6 s after applying the IOP pressure in a normalised amplitude following Kwon'’s
high-speed camera characterisation of the blinking kinematics [45], Fig 4. The effect of the tear layer
was simulated by applying the surface tension of tear fluid of P, = 43.6 mPa [27] to the back surface
of the contact lens. Using the FE software ABAQUS, the full FE model consisted of two parts, the
contact lens and the eye with a single interface between them. Material models are detailed in

Appendix (C).

In the context of ABAQUS FE models, the anterior corneal surface and contact lens back-surface
were taken as master and slave surfaces respectively. The interaction between these surfaces was

further defined using a coefficient of friction of 0.01 [46].

The displacement of the eye’s equatorial nodes was constrained in the Z-direction, and both the
corneal apex and posterior pole nodes were constrained in the X-direction and Y-direction. The lens,

however, was constrained by preventing X and Y displacement at the optical centre, Table 1 & Fig 5.

Table 1: Finite element simulation parameters

Integration | Loading

Step | Description Time

scheme condition
1 Stress-free iterations [42] Implicit Static Normalised increments (0:1)
2 Inflation, IOP = 15 mmHg [43] | Implicit Static Normalised increments (0:1)

3 Eyelid pressure 8.0 mmHg [44] | Implicit Dynamic | 0.6 s, see Fig 4 [45]

4 Surface tension 43.6 mPa [27] | Implicit Static Normalised increments (0:1)

Once the design phase was complete, and the dimensions of lenses were obtained, the volume of

the lenses’ peripheral zones, which contains the stabilisation prisms, were calculated as a ratio (Vp)

12
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of the total lens volume via the MATLAB “boundary” function. This value indicates how much material

was put in the peripheral zone compared to the overall material content of the contact lens.
Light raytracing

To measure the EPC incurred by the conformance of each soft contact lens to the cornea, the light
raytracing technique outlined in [30] was employed. A custom-built MATLAB script performing light
raytracing across the lens optic zone was written and validated using the AutoCAD software ®
(Autodesk, Inc., San Rafael, California, USA). This technique allows for the simulation of a large
number of light-rays as they travel through the lens, Fig 6b. Prior to the ray-tracing analysis, the
coordinates of the FE models, pre and post conformance, were exported and fitted to surfaces using
piecewise cubic interpolation. The direction of each light-ray before, during and after entering the lens,

was then deduced through the use of Snell’s law [47].

The focal point was then identified by finding the average location at which the light-rays intersect the
optical axis, Fig 6a. The distance between this point and the lens apex was then calculated to yield
the focal length, f. When inverted, the focal length can be used to produce a value for the lens’s
optical power. The difference in optical power produced by the lens after and prior to conformance
was taken as the effective power change, EPC. The validated light raytracing script was run for each
of the considered contact lens geometries, before and after fitting to the three corneal geometries.
This allowed for the identification of the EPCs and their standard deviations across the lens’s optic

zone.

Acceptance criteria range (ACR) for the level of EPC that would initiate a clinically significant response
was set at +0.25 DC for practical reasons, as this reflects the minimum change in power used in

clinical optometric refractions.

Statistical analysis

The statistical analysis carried out on the results of this study was performed using the Statistics and
Machine Learning Toolbox of the MATLAB software. The null hypothesis, at 95.0% confidence level

testing, was used to investigate the inferences of the findings based on statistical evidence. The
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normal distribution of the samples was confirmed using the Kolmogorov-Smirnov test via MATLAB
[48] then the two-sample t-test was applied to investigate whether there was a significance between
pairs of data sets and to confirm whether the assessed findings represent an independent record.
The probability value (p) is an element in the closed period 0.0 to 1.0 where values of p higher than
0.05 indicate the validity of the null hypothesis [49]. The MATLAB function ‘ttest2’ was used and the
returned p-value in addition to binary test decision for the null hypothesis. The correlation coefficient
used in this study (R) is a measure of the linear dependence of two variables [50]. R values below 0.3
were considered as an indication of weak correlations; R values in the range 0.3 to 0.7 were
considered as an indication of moderate correlations; and finally, R values above 0.7 were considered

as an indication of strong correlations [51].

Results

When evaluating the flat eye models, the correlation between effective power change, EPC, and
peripheral zone volume, V,, was weak, Fig 7. This was evident in all three of the investigated
peripheral zone designs (G1P, B2P and B4P) where the correlation coefficients were -0.19, -0.15 and
-0.22 respectively. The correlations were, however, moderate in the average eye models (R=0.42,

0.43 and 0.43 respectively) and strong in the steep eye models (R=0.91, 0.9 and 0.9 respectively).

When the effect of the toric axis on the EPC was investigated for the three eyes, a proportional
relationship was found, Fig 8. Moreover, the correlation between V, and EPC decreased slightly from
0.28 with an axis at 90° to 0.24 with the axis at 45° and the axis at 0°. Changing the toric lens axis
away from 90° induced a negative EPC. Additionally, investigated lenses with axes of 45° and 0°

generally recorded EPCs outside the ACR.

When the effect of the lens’s central thickness T. was explored, it was clear that, for positive nominal
powers (up to 10 DC), the effect of T. on the EPC was counter to the effect of Vp and the inverse
correlations were found, R=-0.21, -0.46 and -0.62 for axis 90°, 45°, and 0° respectively. T. recorded

no correlation with the EPC within the negative nominal power ranges (down to -10 DC). Both axes
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45° and 0° cylindrical lenses recorded EPC below the ACR in most of the nominal cylindrical power
range, Fig 9. No significant differences were recorded among the three designs G1P, B2P and B4P

designed with axes of 90°, 45° and 0°.

Discussion

The study investigated the impact of different prism designs in terms of the EPC against the nominal
power of the contact lenses. Although the results showed that all of the investigated designs were
changing their power as a result of altering their shape on the eye, all three recorded EPC within the
+0.25 DC range when fitted to the three eyes (flat, average, steep). When the influence of the
peripheral zone was investigated, it was clear that the V, was more strongly correlated to the steep
(R=0.9) and the average eyes (R=0.43) than the flat eye (R=0.26) regardless of the choice of
peripheral zone design. However, when the three eyes were fitted with cylindrical lenses with a
different axis, the correlation between the V, and the EPC slightly decreased from 0.28 to 0.24 as the

axis was reduced from 90° to 0°.

Unlike in previous studies [5, 30] where the eye was treated as an elastic rigid body, the hyper-elastic
material properties and dynamics of the eye were considered through updating the modelling process.
This has been achieved by modelling the eye’s material in four regions (cornea, anterior sclera,
intermediate sclera, and posterior sclera) with hyper-elastic Ogden models. This update also allowed
consideration of the whole eye geometry precisely instead of the anterior portion only, considering
the existence of the intraocular pressure (IOP) and applying the eyelid pressure dynamically as a

function of time [45] instead of considering it as a static load [5, 30].

In all investigated cases, the eye shape had more influence on the EPC than the peripheral zone

design. However, and not as previously reported [52], the volume of the peripheral zone was highly
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correlated with the EPC in the moderate and steep eye population. Additionally, the central thickness
was only correlated with EPC in lenses with positive nominal power.

It was not clear that anterior eye shape influences on-eye EPC however, as the contact lens’s design
has a limited effect of the on-eye refractive performance. Moreover, using the lens’s central thickness
as an estimator for calculating EPC [52] is not possible with negative powered lenses, therefore, the
lens’s peripheral zone ratio of the total lens volume could be used as a linear estimator for EPC.

However, the relationship between the V, and the EPC is dependent on the eye shape.

In this study, the simulation of the soft contact lens performance on the eye was limited to observing
the deformation of the lens and the associated EPC on each corneal shape in response to applied
eyelid pressure. Increasing the number of eyes could strengthen statistical conclusions, however, the
three eyes used in this study were carefully selected from a database containing 125 pairs of eyes to
represent good examples of flat, average, and steep eyes and allow the study to vary contact lenses’
design with a practical number of models (567 models). In this study, the effect of the tear layer was
simplified and simulated by applying the surface tension of the tear fluid of 43.6 mPa [27] to the back
surface of the contact lens as no fluid-structure interaction analysis has been carried out in this study.
The rotation and translation of the soft contact lenses were not considered in the models used in this
study to simplify the convergence towards stable solutions in the ABAQUS FE software. It was not
possible to simulate accurate rotational effects of the contact lens as the current model does not
calculate extraneous factors such as tear volume, eyelid position and movement characteristics or
gravitational effects. Despite this, this study has highlighted the dependence of EPC on the corneal
geometry and demonstrated that, although specific designs can be used to reduce EPC, the corneal

geometry will have an overarching effect.
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Fig 1: Three designs of a soft contact lens with a base curve 8.2 mm, diameter 14.5 mm, spherical
power -2.0 DS, cylindrical power +1.0 DC at axis 90° and central thickness 0.15 mm: (a) Gravity-
based single-prisms stabilised lenses (G1P), (b) Blink-based two-prisms stabilised lenses (B2P), (c)
Blink-based four-prisms stabilised lenses (B4P).

Fig 2: Axial and tangential curvature (Ra, Rt) maps of the flat, average, and steep eyes used in the
current study.

Fig 3: Geometry parameters of a blink-based two-prisms stabilised lens (B2P) with base curve 8.2
mm, spherical power -2.0 DS, optical cylindrical power -1.0 DC, axis 90° and central thickness 0.2
mm. In this figure, fillets radii r; and r> were set to 2.5 mm and = 2.0 mm respectively. See Appendix
(B) for more details.

Fig 4: Normalised eyelid pressure magnitude with time. This distribution is based on the palpebral
aperture measurement as reported in [34].

Fig 5: Contact lens finite element model for a G1P lens design fitted to an average eye (IOP=15
mmHg) on the ABAQUS finite element software: (a) before fitting, (b) after fitting. Colour scale is
representing the magnitude of the displacement (U) in mm. Eye’s equatorial nodes were
constrained in axial directions.

Fig 6: Light raytracing according to Snell's law in (a) a single meridian, (b) three-dimensional
analysis (lens’s thickness has been increased in this figure for displaying purposes).

Fig 7: Effective power change (EPC) for cylindrical lenses with axis 90° as a function of the
peripheral zone volume (V,) when fitted to the flat eye (1% column), average eye (2" column), and
steep eye (3™ column). The three investigated designs are plotted in rows.

Fig 8: Effective power change for lenses with axis 90°, 45°, and 0° as a function of the peripheral
zone volume.

Fig 9: Effective power change for lenses with axis 90°, 45°, and 0° as a function of the lens’s central
thickness.

Fig 10: Determination of corneal surface axial radius of curvature (r) at a certain meridian plane. In
this method, the centre of the curvature (c) is always restricted to the corneal visual axis.

Fig 11: Determination of corneal surface tangential radius of curvature (r) at a certain meridian
plane. In this method, the centre of the curvature (c) is not restricted to the corneal visual axis.

Fig 12: A typical FE model for the average eye used in this study where different colours represent
different material models. The eye’s equatorial nodes were constrained in axial directions.

Fig 13: Stress-strain curves for the material models. Contact lens’s material was modelled as a
linear elastic material, however, the eye was modelled as a hyper-elastic material.
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Fig 5: Contact lens finite element model for a G1P lens design fitted to an average eye (IOP=15 mmHg) on the

ABAQUS finite element software: (a) before fitting, (b) after fitting. Colour scale is representing the magnitude
of the displacement (U) in mm. Eye’s equatorial nodes were constrained in axial directions.
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Appendix A: Axial and tangential radii of curvature

The least squares error method was applied to fit the best circle to each meridian and the radius of
each fitted circle was used as a radius of curvature for this meridian. Local axial and tangential
curvatures were calculated for 359 meridians with a 1.0° angular step covering the whole measured

area of the cornea up to x = 4 mm radius.

While centres of axial curvatures were assumed to lie on the corneal visual axis (Fig 10), the centres
of tangential curvature were free to be at any position but still within the relevant meridian plane (Fig

11). [53] As illustrated in Fig 10, the axial radius of curvature at any point is calculated as:

o X Eq. 1
cos(90 — a)

where «a is the tangent angle at this point. On the other hand, the tangential radius of curvature at any
point, p,, on the corneal surface can be calculated by fitting a circle to the three consecutive points
p1(X1, Y1, 21), P2 (X2, V2, Z2), P3(x3,V3,Z3) along the relevant meridian resulting in the value:

I 1“171 — p2llllp2 — psllllps — il Eq. 2
2 (p1 — p2) X (P2 — p3)

as illustrated in Fig 11.
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corneal visual axis

corneal visual axis

Fig 10: Determination of corneal surface axial Fig 11: Determination of corneal surface
radius of curvature (r) at a certain meridian plane. tangential radius of curvature (r) at a certain
In this method, the centre of the curvature (c) is meridian plane. In this method, the centre of the
always restricted to the corneal visual axis. curvature (c) is not restricted to the corneal
visual axis.
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678  Both axial and tangential curvature map estimation methods handling local segments of each corneal
679 meridian as perfect circles, however, the method used for the axial curvature map calculation restricts

680 the surface curvature centres to the corneal visual axis.

681

682

683

684

685

686

687

688

689

32



690

691

692

693

694

695

696

697

698

699

700

701

702

703

Appendix B: Soft contact lens design

Back-surface design

Geometrical parameters considered in the design of the lens back-surface include the back optic zone
radius or the base curve (Ru), the back transient zone radius (R2p), the peripheral curve radius (Rap)
and the overall lens diameter (ds), Fig 3. As outlined in a previous study [5], X and Z coordinates (X,

Z.) of the centres of radii Rip, R2y and Rs, were calculated as:

X1 =0, Zcy = —Ryp Eq.l

-1 d1 =1 dl
X2 =0, Zey = Ze1 — Ry COS (sm Zsz) + Ry, cos (sm 2R1b> Eqg.2

P dZ P dZ
Xe3 =0, Ze3 = Zey — Rgp cos|sin T + Ryp cos | sin T Eq.3

and the back-surface elevation, Z, was constructed as

( 2 2 dl
ZCl + Rlb - (X - Xcl) ) 0<X< ?_xpl
7 = { 2 2 d; d, Eq.4
b=\Zt |Rap” — X—X)? 7+Xp2SX<7—Xp3 qg.
d; ds
kZC3+\/R3b2—(x-xcg)z , St SX<—

Front-surface design

A typical initial central lens thickness T. = 0.11 mm was used in all cases before being updated during
the design process (Fig 3). The lens material refractive index (n) was set to 1.334 to simulate hydrogel
optical characteristics [5], however, the lens nominal power (P,) was varied according to the required
optical power to be consistent with the Lens Makers Equation (Eq. 5) which was solved for optic zone

front-surface curve Ry in Eq. 6

11 M) Eq. 5, [54, 55]

P=(n-1D[——-—
1= )<R1f R1b+nR1leb
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T.(n—1)%2 + n(n — DRy

Eq. 6, [5, 30
nR;,P +n(n—1) a- 6.1 ]

Rifi =

Front-surfaces were designed with the lens shape factor (k) set to the empirically estimated value of
0.75 to eliminate the spherical aberration on the central vision zone, Therefore, the lens front-surface

was shaped meridian by meridian as:

1
Zs =T, — E(lei - «IR1f12 - kXZ) Eq.7

Where the subscript (i) stands for the meridian number and therefore i equals 1, 2, 3, ..., 360
corresponding respectively to meridian angles 6 = 0°, 1°, 359° rotating around the Z-axis in the anti-

clockwise direction.
Fillet design

To avoid sharp edges on the back-surface, fillets with radii r1=2 mm and r,=1.5 mm were introduced
to connect the sections of the back surface with curvature changes of Ri, to R2p, and Rap t0 Rap
respectively, Fig 3. The centre of the r, fillet (X ,Z. ) was calculated by finding the point at which
the two sections under consideration would intersect if their radii were reduced by the fillet radius, ri.

When this problem was solved exactly, the following relations were achieved,

_ 01y/Q:05 — Zp /050 — Qs
206

X ) Zcrl =Zat \/(Rlb +711)% = (Xer1 — Xe1)? EQ.8

where X.; and Z.; denote the coordinates of the centre of radius R;;, and the variables denoted by Q
are shape factors, detailed in Table 2. The start and end points of the fillet were then computed by
finding the two locations where a circle with centre (X4, Z.;) and radius ry, intersects the lens surface.

The result of this is a start (x,,, z,1) and end point (x,, z,,) for the fillet given by,

Q708 — 2108 — 2010
Xp1 = 2Q44 , Zyy = Zeg t \/Rlb2 — (Xp1 — Xe1)? Eq.9
Q12013 — Z¢r10Q13 — 2055
sz = 2Q16 ! Zp2 = ZCZ + \/szz - (sz - CZ)Z Eq'lo
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721  Applying the same process to the second change in lens geometry (Ra, to R3p) yielded a fillet with

722 centroid (X, ,,Z. ) and start (xp3,z,3) and end points (x,4, z,4) given by,

r2’

723
Xerz = 7y Crsao + 55321 G115 ~ 20a0 v Lerp = Zep \/(RZD —12)* = (Xer2 — X2)*  EQ.11
Xp3 = szm — Zc(zz/m — 202 , Zps = Zep + \/szz — (xp3 — Xc2)? Eq.12
Xpg = Q27W — ZZZZW — 2050 ) Zpy = Zez + JR3b2 — (Xps — 3)? Eqg.13
724

725  The new back surface coordinates for the regions occupied by fillets are then defined as,

Zcrl - \/rlz - (X - Xcrl)z ) Xp1 <x< Xp2
Zy = Eq.14
ZCTZ + \/r22 - (x - Xcrz)z ) Xp3 <x< Xp4

726  In all designs, the choice of base curve Rip, transient zone Rz, and peripheral zone radii Ra, was

727 constrained such that,

Rip =Ry, — 0.5 =R3, —1 (all dimensions in mm) Eq.15
728  The range of values used in the lens geometry design was chosen to cover the average dimensions
729  of the commercially available contact lenses. Base curve radius (back optic zone radius), R, was set
730 to 8.20 mm, optic zone diameter d: was set to 8.00 mm, and finally, the lens overall lens diameter, ds,

731 was set to 14.50 mm and d; to the mean value of d; and ds.

732  Following the design of a two-dimensional lens profile, A three-dimensional back-surface profile was
733  constructed in 1° steps, meridian by meridian. This final step was necessary for the use of lens

734  geometry in both the finite element and light raytracing analysis.
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Peripheral-zone design

Unlike the back-surface, the front-surface was not rotationally symmetric. The asymmetric nature of
the front surface meant that, when constructing the three-dimensional geometry, each meridian had
to be considered individually. The thickness of the boundary between the transient zone and the
periphery zone T, was calculated in a way to allow the addition of thickness to certain meridians

according to the type of balance zone.

0.4W;(2T + Tc)/3 for G1P design
Tw, = {0.3W;(2T + Tc)/3 for B2P design Eq.16
0.2W;(2T + Tc)/3 for B4P design

where T is the lens thickness at the end of the optical zone (X = %), T, is the central thickness of the

lens and W is a weighting factor defined as:

T
cos (6 + E) for G1P design

cos(20) for B2P design
cos (46 + ) for B4P design

W= Eq.17

The weighting factor W was set to zero for meridian angles, 6, at which the calculated value was

negative.

Finally, the lens edge thickness (Te) was set as a function of the optical power as 0.1+0.002|Pmax|
before fitting the lens’s front-surface points via shape-preserving piecewise cubic interpolation [56] to
ensure a smooth front-surface while keeping the designed points in their position. In this design
configuration, Pmax is either the summation of the spherical and cylindrical power or the spherical

power only, whichever was higher.

The lens central thickness (T¢) was then updated through an automatic loop to avoid producing
regions of negative volume resulting from the intersection of the front- and back-surfaces during the
lens design process. For each thickness change, Rir and Ty were recalculated and the front-surface

Z; was updated accordingly.
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757  Table 2: Lens back-surface shape parameters

Q= Ruy'Xe = Rup’Xer + Raop"Xer = Rop™Xoo = XeaXoo® = X" Xeo + XaaZe® + XerZo + X Zoo" + Xod* + Xo* + Z

Q2= R’ +2RipRop — Rop” + Xer? = 2XerXep + Xeo + Zea* = 220120 + 23"

Q3= Ru”" +2RipRap + 4R1p1y + Ryp” + 4Rop1y — Xe® + 2Xe1Xep = Xeo® = Zea® + 2Zc1Zep — Zep® + 417

Qi= —Riy” +2R1pRop = Rop” + Xer® = 2XaXoo + Xoo® + Zea® = 220170, + 257

Qs = 2XZyZop = 2X09Z01Zoy — 2RypX a1y + 2RypXeohy + 2Ryp X a1y — 2Ryp X o1

Qs = Xc12 —2X X + Xcz2 + Zc12 —2ZnZp+ Zczz

Q; = Rlbzxcrl - RleXcl - Xc1Xcr1Z - XCIZXcrl + XCIchz + XCIZcrlz + Xcr1Zc12 + Xcrlzcrlz + Xear? = Koy + Xc13 + Xcr13 +Z,
Qs = Rlbz + 2Ry — Xc1Z +2Xo1 Xer — Xcr12 - Zc12 +2Z4 20y — Zcr12 +1?

Qo= =Ry’ +2Rym + Xey® = 2Xe1 Xery + Xepi® + Ze1® = 221 Zepy + Zept* — 112

Q= Xe1ZerZery + Xer1ZeaZer

Q= Xclz —2Xe1Xer + Xcrlz + Zc12 =222 + Zcr12

Q2= Rap’Xeri = Rop* Xz = XeoXer® = Xeo " Xery + X2 Zeo® + XeoZeni® + XeiZea” + XeriZors” + Xeai? = X2 + X0 + Xoi> + 2y
Q3= Rop” +2Rppmy — Xog” + 2XeoXery — Xemi® = 22 + 2232 cp1 — Zopt* 112

Q= —Rop” + 2Ry + Xo2® — 2X 5 Xen + Xepi* + 202" — 220 Zep + Zept* — 112

Q15 = Xe2ZeaZery + Xer1ZeaZer

Q16 = Xc22 - 2Xc2Xcr1 + Xcrlz + ZCZZ - ZZCZZcrl + Zcr12
Q17 = RZbZXcs - szZXCZ + R3b2XC2 - R3b2Xc3 - XCZXC32 - X022X63 + XCZZc22 + XCZZC32 + XC3ZL‘22 + XCZB + Xc33 - ZCZ
le = _szz + 2R2bR3b - R3b2 + XCZZ - 2XC2X03 + Xc32 + ZCZZ - ZZCZZCB + Zc32

Qo= Ryp” +2RypRay — 4RypTy + Rap® — ARyp1y — Xoo? + 2X 0 Xes — Xog® = 203" + 2205205 — Ze3® + 4152

Qo= XepZepZez + Xe3ZepZez — RyppXooty + RapXeata + RapXeaTy — RapXealy
Q2 = Xczz —2Xp X3 + Xc32 + ZCZZ —2ZZ3+ Zc32
= Ry’ Xera —Ryp™Xeo — XeoXera® = X2 Xerz + X2 Zeo” + XeaZows” + XeraZea + XeraZers” + XoaTo? — 24 XS+ X+ Z
QZZ - 2b “cr2 2b “c2 c24cr2 c2 “Acer2 + c24c2 + c2%cr2 + cr24c2 + cr2%cr2 + c2™2 cr2T2 + c2 + cr2 + c2
Q23 = sz2 + 2R2br2 - Xcz2 + 2Xc2Xcr2 - cr22 - ZCZZ + ZZCZZCTZ - Zcr22 + rzz
Q24 = _szz + 2R2br2 + Xczz - ZXCZXCTZ + Xcr22 + ZCZZ - 2ZCZZcrz + Zcrzz - r22
Q25 = XCZZCZZch + XchZCZZch
st = Xczz - ZXCZXch + XcrzZ + Zczz - ZZCZZCTZ + Zcr22
= Ra3p’Xerz — Rsp’Xes — XesXera® — Xz’ Xera + XeaZes? + XeaZora” + XepoZes® + XeyaZora® + Xeaha? — 24 X+ X+ Z
Qa7 3b Acr2 3b Ac3 c34cr2 c3 Acr2 c3%c3 c34cr2 cr24c3 cr2écr2 c3l2 cral2 c3 cr2 c3
Q28 = Rap” +2Rap7y = Xez® + 2X3Xery = Xere” = Zes® + 2ZcaZers — Zory” + 107
Q20 = —Ryp” + 2Ry, + Xe3* = 2XeaX ey + Xova® + Zea® = 2237003 + Zora® — 157
Q30 = Xe3Ze3Zory + Xer2ZesZers
Q31 = Xc32 - 2Xc3Xcr2 + XchZ + Zc32 - ZZc3Zcr2 + Zcr22
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Appendix C: Material models

The eye was modelled as hyper-elastic soft tissue with a water-like density of 1000 kg/m® and four
regions including the cornea (u.=0.07, a.=110.8), anterior, intermediate and posterior sclera
separated at elevation angles of 55°, 7.5°, -47.5° measured from the centre of the sclera [57], Fig 12.
First-order Ogden material models [58] were used to represent the eye tissue's mechanical
performance with different stress-strain behaviour under loading conditions following earlier
experimental studies [57, 59, 60], Fig 13. The purpose of splitting the sclera into three regions was to
characterise regional mechanical properties of scleral tissue using circumferential regions of isotropic
elements to replicate macroscale sclera displacements. Scleral materials were characterised as

Hs1=0.441, 01=124.5, ts2=0.349, 0s,=138.5, P1s3=0.308 and 0ss=162.2.

Each contact lens from the three investigated soft contact lens designs (G1P, B2P & B4P) was
modelled as an incompressible linear elastic solid with a Young’s modulus of 0.199 MPa, a Poisson’s

ratio of 0.49 and the density of water 1000 kg/m? [30].
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Fig 12: A typical FE model for the average eye used in this study where different colours represent

different material models. The eye’s equatorial nodes were constrained in axial directions.
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777  Fig 13: Stress-strain curves for the material models. Contact lens’s material was modelled as a
778 linear elastic material, however, the eye was modelled as a hyper-elastic material.

40



