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Abstract: A synthetic material of silicone rubber was used to construct an artificial lens capsule
(ALC) in order to replicate the biomechanical behaviour of human lens capsule. The silicone rubber
was characterised by monotonic and cyclic mechanical tests to reveal its hyper-elastic behaviour
under uniaxial tension and simple shear as well as the rate independence. A hyper-elastic constitu-
tive model was calibrated by the testing data and incorporated into finite element analysis (FEA).
An experimental setup to simulate eye focusing (accommodation) of ALC was performed to vali-
date the FEA model by evaluating the shape change and reaction force. The characterisation and
modelling approach provided an insight into the intrinsic behaviour of materials, addressing the
inflating pressure and effective stretch of ALC under the focusing process. The proposed method-
ology offers a virtual testing environment mimicking human capsules for the variability of dimen-
sion and stiffness, which will facilitate the verification of new ophthalmic prototype such as accom-
modating intraocular lenses (AIOLs).

Keywords: silicone rubber; biomechanical; hyper-elastic; constitutive model; FEA

1. Introduction

The eye’s crystalline lens capsule is a membrane with a thickness ranging from 5 to
30 pm [1-3], forming the capsular bag, which encompasses the lens substance. A primary
biomechanical function of the in vivo lens capsule is to facilitate the mechanism of ocular
accommodation [4]. According to Helmholtz [5], the ciliary muscle contracts when the eye
focuses on a near target, relaxing the zonules attached to the lens equator, and enabling
the lens surfaces to become more prolate (curved) for increased optical power (accommo-
dation). Conversely, relaxation of the ciliary muscle, to view distant objects, causes cen-
trifugal tensioning of the zonules and a corresponding flattening the lens, leading to de-
creased optical power (dis-accommodation). During the accommodating process, given
its high Young’s Modulus (of 1 MPa) compared to the lens substance (of 1 Pa), the capsu-
lar bag is able to mould the shape of the internal lens [6,7]. It has been found that the
biomechanical properties of lens capsule are relatively less affected by age, except the ge-
ometric inhomogeneity of the thickness distribution [3,8].

The subjective visual difficulties experienced with near vision by increasing age,
known as presbyopia, is primarily attributed to the reduction in accommodation due to
the rising stiffness of lens substance [9,10]. A potential treatment of presbyopia is the re-
placement of lens substance by functional artificial lenses, such as mechanically accom-
modating intraocular lenses or lenses filled with polymers [11-13]. These techniques,
however, rely on the retained biomechanical function of the capsular bag, which is com-
promised during cataract removal and lens implantation surgery, to restore some or all of
the accommodative process. When the lens substance is removed from the capsular bag
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similar to the surgery, it shows minor difference of the reaction force with the lens con-
taining substance, addressing the primary biomechanical function of lens capsule [14].

The accommodative function of the crystalline lens has been studied with ex vivo
testing and numerical modelling [15]. The shape change of lenses during accommodation
in vivo can be replicated by inducing radial stretch using a lens stretching device [16-18].
The deformation and reaction force of lenses by such devices have been used to investi-
gate the aetiology of presbyopia by combining optical power and biometry measurements
[19,20]. Further, the biomechanical behaviour of lenses can be better understood by con-
structing finite element models [10,15,21-24]. Although the mechanical behaviour of the
lens capsule itself has been studied by performing uniaxial or inflation tests [1,6], few
studies directly investigate the behaviour of the capsule under accommodative forces. For
the development of ophthalmic products treating presbyopia, it is essential to test any
prototype inside the capsule to characterise how it will perform under different condi-
tions; however, the access to human tissues is limited and animal capsules have different
biomechanical properties compared to that of human capsules [6,14].

Thus, this study aimed to generate an alternative product able to mimic the biome-
chanical performance of human capsules, where a silicone rubber can be used to replicate
the hyper-elastic response of human capsule [25]. The base material was characterised
experimentally by mechanical tests at different conditions. A constitutive model was sub-
sequently calibrated using the testing data and incorporated into a finite element analysis
(FEA) model to simulate an accommodating test of an artificial capsule made from the
same material. The characterisation together with the FEA modelling provided an insight
into the intrinsic behaviour of materials and the mechanism of accommodation.

2. Materials and Methods
2.1. Material Preparation

An industrial-grade, room temperature vulcanised (RTV) silicone (Model: ZA13,
Zhermack, Rovigo, Italy) was selected to be the base material. The silicone rubber had a
low Shore A Hardness (S) (of 13) after curing with an equivalent Young’s modulus (E) of
0.5 MPa by Equation (1) [26,27], which was close to the lowest boundary of stiffness of
human lens capsules ex vivo [1,3]. The material had a base fluid A and catalyst fluid B,
which was mixed thoroughly at a ratio of 1:1. The catalyst fluid activated the condensation
of the base fluid, allowing for a working time of 40 to 50 min at 23 °C. According to the
operating instructions from the supplier, a vacuum was applied to the mixed fluid for 3
min to eliminate any air pockets. The degassed fluid was carefully poured into a mould
and set for 24 h at room temperature (of 23 °C) to form a solid. Two types of strips were
prepared for the mechanical characterisation, with dimensions of 6 mm x 25 mm x 10 mm
(strip A) and 100 mm x 25 mm x 2 mm (strip B), respectively (Figure 1a). The moulded
strips had stable shapes (Figure 1b) with a tolerance thickness of + 0.08 mm.
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Figure 1. Testing specimens for characterisation: (a) dimensions (unit: mm); (b) moulded strips.
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2.2. Mechanical Characterisation

A universal mechanical testing machine (Model: 5942, Instron, Norwood, MA, USA)
was used for material characterisation, which had a maximum loading capacity of 500 N,
maximum extension of 488 mm, and speed between 0.05 and 2500 mm/min. The strip A
was installed onto the machine for the uniaxial tension test, which was fixed at the bottom
and elongated on the top by two respective grips (Figure 2a). An initial separation of 75
mm was assigned between the two grips as the gauge length. The testing protocols were
defined by an integrated software Bullhill (Version: 3.0, Instron, Norwood, MA, USA). A
monotonic tension (MT) was defined by applying a displacement of 90 mm at 100
mm/min, resulting in a nominal strain of 1.2 at 0.02 s™'. After the first primary loading
(PL), a sagging state (of strip A) was observed when the sample returned to the initial
separation with zero displacement (Figure 2b). This implied a negative force of the speci-
men under displacement-controlled deformation, recognised as the property change of
rubber materials at repeated loading (Mullins effect). The process was repeated by per-
forming reloading (RL) on the same specimen five more times.

i . |

-

0 b v
before test

»

Figure 2. Uniaxial tension test: (a) testing setup; (b) shapes of specimen before test and after primary loading.

After the monotonic test, a cyclic tension (CT) testing was performed on a new spec-
imen by six cycles of loading and reloading operation at 100 mm/min. Four amplitudes of
displacement (15, 37.5, 75, and 90 mm) were defined during loading, aiming for a final
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nominal strain of 0.2, 0.5, 1.0 and 1.2, respectively (at 0.02 s). A force-controlled unload-
ing was defined to avoid sagging by halting the top grip when the reaction force was zero.
In addition to the cyclic test at low speed (of 100 mm/min), another cyclic test was per-
formed on a new specimen by increasing the speed to 1000 mm/min, which provided a
condition with 10 times the strain rate (of 0.2 s). The repeatability of the material behav-
iour was checked by comparing the results at the different testing conditions.

Strip B was used for a simple shear test on the testing machine by designing custom-
ised fixtures (Figure 3a). Two long aluminium base bars were fixed by two clamps on the
machine, offset by a gap of 6 mm, to allow the specimen to be installed along the elonga-
tion axis. It was bonded onto the surfaces of the bases by adhesive made of Ethyl 2-cy-
anoacrylate (Brand: Loctite control, Henkel, Winsford, UK). This application introduced
a single lapped in-plane shear test (Figure 3b). By using the software (Bullhill, Version:
3.0), a monotonic shear (MS) test was defined by assigning a displacement of 8.4 mm at 8
mm/min (with gauge length of 6 mm), creating a maximum shear strain of 1.4 at 0.02 s.
Similar to the tension test, one primary loading (PL) and five reloading (RL) operations
were applied on the same specimen for MS. The cyclic shear (CS) test by force-controlled
protocol was conducted on new specimens by applying four amplitudes of displacement
(1.2,3.0, 6.0, and 8.4 mm) at 8 mm/min to achieve different levels of maximum shear strain
(0f0.2,0.5,1.0 and 1.4).

Figure 3. Simple shear test: (a) schematic testing setup; (b) shapes of specimen before and during test.

2.3. Accommodating Test

An artificial lens capsule (ALC) was manufactured by using the same batch of sili-
cone material and moulding process (Figure 4a) [28]. The ALC had an anterior and poste-
rior half with an average thickness of 150 + 40 um measured by calliper. It had an ellipsoi-
dal shape with a radius of 4.5 mm, 1.6 mm, and 2.55 mm along the equator, anterior sagitta
and posterior sagitta, respectively. An extension ring with a width of 0.5 mm and thick-
ness of 1 mm was fitted around the equator to allow the ALC to be fixed onto a support
structure, which has eight branches equally distributed (45° angle) and mounted on a lens
radial stretching system (LRSS) (Figure 4b) [28]. Each branch had independent radial mo-
tion by performing a radial cut of the joint region. The LRSS provided stretch and release
of each branch simultaneously radially to mimic the action of the ciliary muscles and ad-
joining zonules on the capsule. The equatorial stretch of the ALC was calibrated at two
linear nominal speeds (NS) of 0.5 mm/s and 0.05 mm/s, driven by a stepper motor. A du-
ration of 2.7 s and 27 s was needed, respectively, to offer a diameter change of 0.9 mm,
which was similar to the displacement observed in vivo to a 10 D accommodation stimu-
lus [29,30]. The ALC was filled with ophthalmic viscosurgical devices (OVDs) after it was
mounted to the LRSS, which helped to recover and maintain the initial shape of the ALC
under pressurisation. Preliminary cyclic testing was performed on the ALC at a high
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speed (NS = 0.5 mm/s) and then on the same ALC at a low speed (NS = 0.05 mm/s). The
shape change of the ALC was monitored from the side view by a digital microscope cam-
era (Model: Cmex18pro, Euromex, Arnhem, The Netherland) with a resolution of 20-mil-
lion pixels. A load cell was installed on one of the arms of the LRSS to measure the reaction
force of 3 tests at each condition. The stretching force was derived by extracting the non-
linear force contributed other than the ALC.

g—

Figure 4. Accommodating test: (a) an artificial lens capsule (ALC) with support structure; (b) ALC on the lens radial

stretching system (LRSS).

2.4. Constitutive Modelling

An isotropic polynomial incompressible strain function was used to model the con-
stitutive behaviour of material (Equation (2)). The initial shear modulus (u) can be esti-
mated (Equation (3)) and the equivalent Young’s modulus (E) can be deduced based on
the incompressibility of materials (Equation (4)).

U =% Gyl = 3) (b= 3) + Bl -0 = DX, @)
p=2(Cyo+ Co1), 3)
E=3u, (4)

where J is the determinant of the deformation gradient (F) denoting the volume change
(Equation (5)), I, I, isthe deviatoric first and second invariant of the right Cauchy-Green
tensor (C) under finite deformation (Equations (6)—(8)).

] = det(®), )
C=FTF, ©)

L =)0, )

L =37 [(w(©) ~ ()], ®)

Three parameters (C1o, Cp1, C,) were calibrated in the constitutive model by tension
and shear test data with the assumption of incompressibility (/ = 1). The calibration was
based on a theoretical modelling of the deformation [31-33]. A least square approach
(Equation (9)) was used to acquire the best fit of the stress-strain relationship by minimis-
ing the stress difference (R?) between test data (of) and modelling result (¢/") under the
same strain. The data from PL were used to fit the model across the whole strain level. To
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radial cutting position nodes sharing identical positions

incorporate the Mullins effect, the cyclic RL data were used to fit another group of material
parameters. As a small strain (of less than 0.14) was expected during accommodation [34],
the RL data within the strain of 0.2 was employed and the residual strain was shifted to
zero during calibration.

N
R? = Z(a,.t — a2, )

A one-fourth geometric model of the artificial capsule surface was constructed for
FEA by 3-node shell elements (S3) with an open-source meshing software (Salome, Ver-
sion: 8.3.0, CEA & EDF, Paris, France) (Figure 5a). To represent the radial cutting of the
joints, two groups of repeated nodes sharing identical coordinates were built, belonging
to different elements of each side, which allowed the separation of each side under cir-
cumferential tension. Symmetric boundary conditions were defined at the edges of the
plane along X =0 and Z = 0. Loads were applied by controlling the relative amplitudes to
replicate the accommodating test (Figure 5b). Within a time-amplitude of 0.1, a linear pres-
sure load was applied on the interior surface of the capsule to simulate the application of
OVDs. A trial-and-error of pressure value was conducted to yield a similar profile of the
ALC to that measured in the experiment. A linear displacement from time-amplitude of
0.1 to 1 was provided along the outer equatorial edge to simulate the radial stretch. A
static analysis was performed by an open-source FEA solver (CalculiX, Version: 2.17, Frie-
drichshafen, Germany) [35]. The total reaction force of the nodes between two radials cut-
ting positions (of 45° angle) was exported and the stretching force was derived by the
relative values between the time amplitude of 0.1 and 1.

() A

pressure
displacement

1____

load amplitude

equator 0

T

0.1
time amplitude

Figure 5. Modelling on accommodating test of ALC: (a) FE model; (b) loading step.

3. Results
3.1. Monotonic Test

The mechanical behaviour of the silicone material was displayed by the stress-strain
relationship under MT and MS test at 0.02 s (Figure 6). At primary loading (MT_PL)
(Figure 6a), the virgin material showed an evident hyper-elastic behaviour by a linear
curve at low strain regime (< 0.6) and nonlinear curve beyond. Among the reloading pro-
cess (MT_RL), there was an offset of stress-strain path with that of MT_PL, which is
known as the Mullins effect of rubbers, implying the stress softening due to the internal
damage of materials [36]. This corresponded to the sagging of the specimen where the
initial motion of grip was to overcome the sagging with zero reaction force. Under MS at
0.02 st (Figure 6b), the nonlinearity of stress-strain relationship was more evident during
RL than that of PL. The offset between PL and RL indicated the existence of Mullins effect,
whilst the residual strain was observed to be negligible.
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Figure 6. Stress-strain relationship under monotonic test: (a) at uniaxial tension (0.02 s™); (b) at simple shear (0.02 s1).

3.2. Cyclic Test

The Mullins effect was further displayed by the result of cyclic tension (CT) and shear
(CS) tests, with variable softening behaviour at different strain amplitude (Figure 7). It
was found that the stress-strain relationship of MT_PL and MS_PL was along the response
of the first primary loading (PL) path of each amplitude for both CT (Figure 7a) and CS
tests (Figure 7b), by minor deviations. By increasing the strain amplitude, the stress sof-
tening behaviour became more evident, with elevated residual strain at zero stress. At
high strain amplitude (of over 1.0), there was a slightly different mechanical response of
materials along the reloading and unloading paths. The influence of strain rate was re-
vealed by comparing the behaviour of material at two strain rates (of 0.02 and 0.2 s™) un-
der CT (Figure 7c). There was no marked difference on the stress-strain relationship along
the PL and RL path by similar overall hyper-elasticity and stress softening behaviour,
which indicated the irrelevance of mechanical behaviour to strain rate.
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Figure 7. Stress-strain relationship under cyclic test: (a) at uniaxial tension (0.02 s); (b) at simple shear (0.02 s); (c) at
uniaxial tension (0.02 s! vs. 0.2 s7).

3.3. Modelling and Simulation

The material parameters of the constitutive model (Cyy, Cp; and C,, in Equation (2))
were calibrated by the data from monotonic and cyclic test along primary-loading (PL)
and reloading (RL) paths (Table 1). The shear moduli (1) and equivalent Young’s moduli
(E) were calculated to obtain the initial stiffness of materials (Equations (3) and (4)). It was
observed that the material at RL exhibited higher stiffness than that of PL; this was due to
Mullins effect and more accurate fitting of the data points at small strain regime (of less
than 0.2). The Young’s modulus at PL and RL was around 0.45 and 0.49 MPa, respectively,
which was in accordance with the value (of 0.5 MPa) estimated by the hardness of material
(of Shore A Hardness 13).

Table 1. Material parameters of the constitutive model (unit: MPa).

Cyio Co1 Cyo U E
PL 2.426 x 102 5.015 x 102 3.791 x 103 1.488 x 101 4.464 x 10!
RL 5.000 x 10-8 8.160 x 102 5.000 x 10-® 1.632 x 101 4.896 x 10!

The performance of the constitutive model was displayed by comparing it to the ex-
perimental test (Figure 8). Along the primary loading path of monotonic uniaxial tension
(MT_PL) and simple shear (MS_PL) at 0.02 s (Figure 8a), there was a good consistency
between experiment and modelling over the whole strain regime; this indicated the
uniqueness of material parameters and their applicability for different modes of defor-
mation. By using the reloading data under cyclic testing, the modelling results with two
groups of material parameters (PL and RL) were compared with the experimental test
(Figure 8b). Within an initial small strain (of 0.02), there was no evident diversity between
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the two models with PL and RL. As the strain increased, a slightly steeper stress-strain
relationship was identified by the modelling with RL, which captured the material behav-
iour better. The contrast indicated the suitability of using modelling with PL only for vir-
gin material, but with RL for the material after the initial stretch.

(a) 0.8 (b) 02
e« Test(MT_PL) Test (CT_RL_20%)
Modelling (MT_PL) ——— Modelling (CT_PL)
= Test(MS_PL) - Modelling (CT_RL)
06 . Modelling (MS_PL) o Test(CS_RL_20%)
& ’ Y & Modelling (CS_PL)
% % - Modelling (CS_RL)
b} B}
@ e 01t
g g
® ®
[ (]
2 2 S
i JDEU:»JD'H':-
. . . . 0 . )
0 0.4 0.8 1.2 1.6 0 0.2 0.4
strain,e strain,e

Figure 8. Comparison of stress-strain relationship between experiment and modelling: (a) primary loading under tension
and shear test (at 0.02 s™); (b) reloading under tension and shear (strain <0.2 at 0.02 s77).

(a) FEA_PL

[

In FEA, alarge bulk modulus (K =150 MPa) was employed to satisfy the incompress-
ibility, which was 1000 times the shear modulus (of 0.15 MPa), resulting in an equivalent
Poisson’s ratio (of 0.4995) close to 0.5. An internal pressure of 2.0 kPa was found by trial
and error to achieve a similar profile of the ALC pressurised with OVDs. The shape
changes of ALC by FEA_PL and FEA_RL were illustrated by comparing the initial profile
(mesh) and final profile (surface) (Figure 9a,b). By applying radial stretch, an increase of
equatorial diameter was found, resulting in a decrease of sagittal distance at anterior and
posterior half. A homogeneous strain area covering a big region of the anterior and pos-
terior surface, indicated an approximate strain magnitude of 0.15 (of anterior half) and
0.065 (of posterior half). There was a marked stress-intensive region near the cutting line
of the joints, with a strain magnitude of 0.2. There was no evident difference in the defor-
mation between FEA_PL and FEA_RL, which was primarily due to the incompressibility
of the material under displacement-controlled deformation.

(b) FEA_RL _

E Magnitude
0.118 0.157 0.196 2.207e-01 6.396e-02 0.118 0.157 0.196 2.207e-01
| | |

- —
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Figure 9. Shape change of ALC under accommodating: (a) initial shape and strain profile of deformed shape by FEA _PL;
(b) initial shape and strain profile of deformed shape by FEA_RL; (c) comparison between experiment and FEA_RL (NS =
0.5 mm/s); (d) comparison between experiment and FEA_RL (NS = 0.05 mm/s).
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Axial Distance [mm]
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As there was similar shape change by FEA, the historic profile of the ALC by FEA_RL
was compared to the experiment tests (Figure 9¢c, d). During the preliminary test of the
ALC at high speed (NS = 0.5 mm/s) (Figure 9c), the initial shape of the ALC was very well
represented by FEA, implying the pressure load applied to the modelling was suitable to
simulate the application of OVDs. Comparatively, there was less inflating state of the ALC
with secondary testing at low speed (NS = 0.05 mm/s) than with FEA (Figure 9d), which
could be attributed to the pressure loss after the preliminary cyclic tests. Under the dis-
placement history of the LRSS, there was a minor change of profile at the low displace-
ment (of 0.1 mm) at the initial stretch (t < 1.5 s at NS=0.5 mm/s and t < 15 s at NS = 0.05
mm/s) between the experiment and FEA. The subsequent stretching process from the ex-
periment was well predicted by FEA under equivalent stretch, implying similar anterior
and posterior curvatures and sagittal distance.

The shape change of the ALC was further compared by fitting the initial and final
profile with circular arcs to acquire the curvature radius of anterior (Ra) and posterior (Rr)
surfaces and sagittal distance (Figure 10a, b). In the FEA modelling, the curvature radius
before stretch was found to be Ra = 6.9 mm and Re = -5.3 mm with a sagittal distance of
4.9 mm. Compared to the experimental test at NS = 0.5 mm/s (Figure 10a), a curvature
radius of Ra =7.3 mm and Rr =-5.4 mm with a sagittal distance of 4.7 mm was observed,
implying a good correspondence of curvatures and minor over-inflation at the posterior
half (Figure 10a). The pressure loss of the ALC during experimental testing at NS = 0.05
mm/s was exhibited by the initially lower inflation compared to FEA, revealing a result of

=7.0 mm and Rr =-4.8 mm with a sagittal distance of 4.6 mm (Figure 10b). After stretch,
FEA predicted a profile of Ra=10.7 mm (ARa =3.8 mm) and Rr=-6.9 mm (ARe=1.6 mm),
with a sagittal distance of 3.9 mm (A =1 mm). The experimental result after stretch at NS
=0.5 mm/s was ARa =2.1 mm, ARr = 1.0 mm and decrease of sagittal distance of 0.6 mm,
indicating a smaller change than with FEA modelling (Figure 10a). At the secondary test
conducted at NS = 0.05 mm/s (Figure 10b), the stretch introduced a profile change of ARa
=2.3 mm, ARr=0.9 mm and a decrease of sagittal distance of 0.7 mm, resulting in a profile
closer to the FEA modelling.

—— FEA(Os) (b) 4 ——— FEA(Os)
FEA (2.7 s) FEA (27 s)
NS = 0.5 mm/s «  Test(0s) NS = 0.05 mm/s < Test(0s)
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000000 = 2 e
W X‘wax e *j**#.?ﬁzf%:%: E P Vxﬁ;\*i;kija.*w&ﬁx;”xmqw{
) @ P
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5o
2 o
o Q;*
e < 2 N, o
\;\cx; Mjl*ﬁ) T wﬁ/w
-4
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Figure 10. Comparison of profile and reaction force of ALC between experiment and FEA modelling: (a) change of profile
at high speed (NS = 0.5 mm/s); (b) change of profile at low speed (NS = 0.05 mm/s); (c) radial stretching force at high speed
(NS = 0.5 mm/s); (d) radial stretching force at low speed (NS = 0.05 mm/s).

Despite the similar change of profile of the ALC by FEA_PL and FEA_RL, there were
different reaction forces from FEA simulation. At high speed (NS = 0.5 mm/s) (Figure 10c),
both FEA modelling with PL and RL indicated a similar linear reaction force versus the
displacement to the testing data from three repeats. Within a displacement of 0.2 mm, the
deviations between FEA_PL and FEA_RL were very small. At higher stretch, there was
more correspondence with the testing data by FEA_RL, implying better applicability of
the material parameters. In the secondary test conducted at NS = 0.05 mm/s (Figure 10d),
a small deviation was observed between test and modelling, within a small displacement
of 0.1 mm, due to a higher reaction force from the experimental test. The steeper curve
indicated a stronger force than that at a high speed and FEA modelling, regardless of the
rate independence of the material. This was probably attributable to the status of the ALC
with pressure loss, introducing bigger turbulence force from the shape change under ra-
dial stretch. As the displacement reached 0.2, a decaying reaction force was observed dur-
ing the testing process, indicating the existence of relaxation that was not incorporated in
FEA, leading to an apparently higher reaction force than in the experimental test.

4. Discussion

Under small strain regime (of less than 10%), the mechanical response of the human
capsule is usually assumed to be linear-elastic with a Young’s modulus of 0.7 to 1.5 MPa
[37,38]. This assumption conformed to the results (of 0.4 to 1.5 MPa) under uniaxial ten-
sion of the human’s capsule ex vivo [1,3,39]. The silicone rubber for the artificial capsule
was selected with a stiffness equivalent to a modulus (of 0.5 MPa), close to the lowest limit
of human capsule under uniaxial tension. Different values beyond this range have been
reported with higher values (of 2.0 to 8.0 MPa) and lower values (of 0.03 to 0.3 MPa) [2,40].
Although the liner-elastic model provided similar results to the hyper-elastic model for
the inflation test of capsule [37,38], there was a large disparity with the modelling of uni-
axial tension [41]. This highlighted the need for characterising a material by using differ-
ent modes of deformation. The mechanical nonlinearity of the human capsule turned
more significant with a high strain regime [1,3,39], where hyper-elastic models became
more appropriate [15,24,42]. More complex behaviours of the biological capsules, such as
stress softening, viscoelasticity (creep, relaxation) and anisotropy, exist at different load-
ing conditions [1,43-49]. The stress softening, i.e., Mullins effect, was observed for silicone
rubber under cyclic loading, and was more evident at higher strain levels [36,50]. A com-
plete understanding of this behaviour relies on more comprehensive testing and model-
ling [51,52], not conducted in the current study but was simplified by using two groups
of material parameters to take account of the reloading data. The viscoelasticity of silicone
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rubber, such as the rate dependence, was reported to be negligible [53,54], which was
proved by the uniaxial tension test at different speeds.

The ALC in free state had an equatorial radius (of 4.5 mm) close to the biometry of
the human capsule at accommodated state (of 4.5 to 5.0 mm) [10,14,19,55,56]. There was a
definite sagittal distance of the FEA model (of 4.9 mm) similar to an aged biological cap-
sule (of 4.8 mm at 45 years old) [14,19,55]. These dimensions have been widely employed
for FEA modelling of accommodation [37,38,57]. A big difference of spatial thickness ex-
isted between the ALC and the human capsule. A homogenous membrane with an aver-
age thickness (of 150 pm) was employed in the FEA model, whilst the human capsule has
a much smaller thickness (of 5 to 30 um) and large inhomogeneity [1,8,25]. This relatively
large thickness of the ALC was beneficial for the moulding operation and prevention of
collapse [28]. In the accommodating simulation, Helmholtz’s theory was observed to
change the shape of capsule of the zonules, which was driven by the ciliary muscle [58].
The zonules have been found to locate on the anterior, equatorial, and posterior region of
the capsule by inhomogeneous distribution and implied the dependence on age [59,60].
These properties can be defined with different arrangement and stiffness in the modelling
[15,34,37,38,61,62], where the influence was found to be significant for displacement-con-
trolled condition [37,61], but negligible for force-controlled condition [38]. Compared to
the zonule distribution of a biological model, the ALC model was simplified significantly
by placing the attachments around the equatorial region with a similar width to that found
in the human lens (of 0.2 to 0.4 mm) [15,37,38]. The stiffness was strongly enhanced by
using a relatively large thickness (of 1 mm) to transfer the radial stretch more effectively
whilst the circumferential force was eliminated by performing radial cuts as suggested by
other studies [17,18,63].

The accommodation of eyes can be modelled numerically by using the capsule only
with the application of pressure from lens substance [7,24,42,62]. The relative pressure
from the lens substance was defined to be 4 to 6 mmHg (of 0.5 to 0.8 kPa) under accom-
modative stimulation [24,42], whilst the resisting pressure of the lens capsule can reach as
high as 40 mmHg (of 5.0 kPa) [48]. A high pressure value (of 2.0 kPa) of the ALC was
deduced by a reverse approach with FEA to be compensated for its high thickness (of 150
pm) in contrast to the human capsule (of 5 to 30 um), providing the insight into the over-
inflation status in a previous study [28]. Compared to the studies using a flat surface as
the initial shape of the human capsule, the reference state of the ALC was defined to be
the moulded shape, significantly diminishing the pretension effect of materials before ex-
erting stretch. The curvature radius of the pressurised ALC in the FEA model (Ra = 6.9
mm, Rr = -5.3 mm) was in accordance to the human capsule of young age (of 19 to 29
years) [10,21,22]. The modelling resulted in the surface of posterior capsule after stretch
showing a curvature radius (Re = —6.9 mm) consistent with the in vivo study and simula-
tion [10,15,21-24]. The deformed surface of the anterior capsule (Ra =10.7 mm) had a cur-
vature radius between that reported for young (of 12.0 mm) and old (of 9.0 to 9.8 mm)
lenses [19,64]. To achieve the change on curvature of radius aforementioned and sagittal
distance (of 1 mm) for the ALC, a radial displacement (of 0.5 mm) was exerted onto the
equator in the experimental test and FEA simulation. In contrast, a higher radial stretch
(of 2 mm) was employed to the rigid part in the ex vivo stretching test of human lenses
[14,17,20,55,65]. An evident accommodative power change has been observed by radial
stretch (of 0.8 to 1.0 mm) on the ciliary body [66]. MRI studies have shown the adjustment
of lens diameter is between 0.3 and 0.6 mm and lens thickness between 0.1 and 0.6 mm
under binocular accommodative stimulus conditions (of 0.1 to 8.0 D) [19,21,29,64]. These
findings have been replicated by the modelling of accommodation with FEA
[15,37,38,57,62,67,68], the approach of which was employed in the presented FEA model-
ling and further advanced by the accompanied validation from experimental testing.

The contraction force was a resulting parameter for the displacement-controlled de-
formation driven by the radial stretch [37,57,62,68], which can also be explicitly defined
as the stimulus for load-controlled deformation [15,24,38,67]. Experimental and numerical
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studies have shown a single or multiple linear relationship between the stretching force
and radial stretch [14,17-19,37,68]. The multilinear correlation was attributed to the influ-
ence of testing environmental factors (mobilisation, pretension, and dynamic effects) dur-
ing the stretching process by a previous study [28], which was further validated by the
linearity and accordance of FEA by extracting the force contribution only from the stretch
of the ALC. The overall contraction force of the human lens ranged from 3 g to 13 g as
assessed by ex vivo stretching tests [14,17-19,69], which is slightly reduced by the extrac-
tion of lens substance [14,18]. Most numerical studies showed a similar stretching force
over a wide range (of 2 to 14 g) [15,24,37,38,57,62,67,68]. A larger stretching force (of 20 to
30 g) required for the ALC from experiment and FEA, was primarily due to the higher
thickness of ALC (of 150 um) compared to the human lens capsule (of 5 to 30 um) [1,2,6],
which needs to be further reduced in order to provide a smaller average overall stretching
force.

5. Conclusions

An artificial lens capsule (ALC) based on soft silicone has been developed to replicate
the mechanical behaviour of lens capsule during the accommodating process. A hyper-
elastic behaviour of the base material together with stress softening (Mullins effect) and
rate independence were demonstrated by mechanical characterisation under different
modes of deformation. The constitutive model was calibrated using experiments, which
captured the mechanical behaviour by numerical modelling. The accommodating test of
the ALC was successfully modelled by using FEA incorporating the constitutive model.
The deformation of the ALC showed convincing similarity to the human capsule by both
experimental testing and modelling. The applicability of the FEA modelling was high-
lighted by presenting the correspondence of the deformation; this can be used to adjust
the thickness to correct for the discrepancy of the contraction force of the ALC due to its
manufactured thickness profile. The development of the ALC with relevant mechanical
behaviour will facilitate the examination of ophthalmic implants for overcoming presby-
opia implanted within capsular bag, such as accommodating intraocular lenses (AIOLs).
The FEA modelling provides a convenient approach to examine and validate the function
of implants within the human capsular bag of variable stiffness and geometry.
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