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Iris-fixated aphakic intraocular lenses (IFIOL) are used in cataract surgery when more
common intraocular lenses (IOL) cannot be adopted because of the absence of capsular
bag support. These lenses can be implanted on either the posterior or the anterior surface
of the iris. In this work, we study whether one of these options is preferable over the other
from the mechanical point of view. In particular, we focus on the forces that the IFIOL
transmits to the iris, which are associated with the risk of lens dislocation. We study the
problem numerically and consider aqueous flow induced by saccadic rotations in the
cases of an IFIOL in the anterior and posterior sides of the iris. The considered IFIOL is
the Artisan Aphakia þ30.0 D lens (IFIOL) produced by Ophtec BV. We perform the simulations in OpenFOAM. We find that the forces transmitted by the aphakic IFIOL to the iris
are significantly higher in the case of posterior implantation. This suggests that
lens implantation on the posterior surface of the iris might be associated with a higher
risk of lens dislocation, when an inadequate amount of iris tissue is enclavated during
implantation. [DOI: 10.1115/1.4040588]
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Introduction

Cataract is a process of progressive loss of the transparency, or
clouding, of the crystalline lens in the eye, which leads to visual
impairment. It is typically associated with aging and it is the
major cause, about 50%, of blindness worldwide [1]. The most
effective way of treating cataract is surgery and Phacoemulsification is the main current surgical treatment. Phacoemulsification
consists in emulsifying the lens with an ultrasonic handpiece and
simultaneously aspirating the lens fragments from the eye. The
aim of the surgery consists in removing the lens, replacing it with
an intraocular lens (IOL) and leaving the elastic capsular bag
intact. The IOL is, therefore, placed inside the capsule in order to
regain vision.
Posterior capsule rupture (PCR) is one of the most troublesome
complications associated with cataract surgery because it leads to
loss of capsular support for IOL implantation, disruption of the separation between anterior chamber (AC) and vitreous cavity (VC), and
possible dislocation of lens material into the vitreous. This, in turn,
can lead to various complications, such as retinal tears and inflammation [2,3]. PCR is not necessarily followed by complete loss of the
capsular bag. The incidence of PCR is 2.8%, whereas the incidence
of PCR with complete loss of capsular support is about 2% [4].
When the Zonula of Zinn is weak or lost and thus the capsular
bag is not able to support the IOL because of degeneration of the
ligament or complications occurred during surgery, a secondary
implant is required. In such a case, the surgeon often chooses to
use an iris-fixated aphakic intraocular lens (IFIOL). These lenses
can be positioned either on the anterior or the posterior side of the
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iris and are fixated to the relatively immobile midperipheral iris
tissue by two rigid haptics, which grasp the iris stroma. The posterior, or retropupillary, implantation technique is gaining popularity, since it is surgically more convenient and it increases the
clearance between the IOL and the corneal endothelium, thereby
reducing the risk for endothelial cell loss [5].
One of the complications associated with IFIOLs is lens subluxation or dislocation (the two terms will be used interchangeably in
the following). While, in the case of retropupillary IFIOL implantation, some studies reported a relatively high prevalence of lens
subluxations (e.g., 8.7% [6]; 10% [7]; and 13% [8]), others
observed a much smaller frequency or no subluxations at all during the first 4 years postoperative [5,9,10]. Similarly, two studies
described that in approximately 6 to 8% of the patients subluxations occurred after anterior implantation of the Artisan Aphakia
IOL [11,12]. Several studies proposed that the dislocation or subluxation of the IOLs might be related to the enclavation of an
inadequate amount of iris tissue [5,10].
From a mechanical point of view, the IFIOL transmits forces to
the iris that are produced by the motion of the surrounding liquid
and also by accelerations of the domain. There are several mechanisms creating flow in the eye chambers among which flow
induced by eye movements creates higher fluid velocities and,
consequently, higher mechanical forces [13–15]. The flow field
around the IFIOL is expected to be very different in the case of
anterior implantation compared to posterior, thus we anticipate
that the forces transmitted to the iris can vary a lot between the
two cases. To study this problem, we perform numerical simulations of the flow induced by saccadic rotations in the eye. The aim
of the work is to investigate whether eye movements induce
forces on the IFIOL, which can play a role in IFIOL subluxation
in the case of improper fixation and to compare anterior and
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Table 1 Values of the geometrical parameters of the VC
Length
Ciliary body’s length
Vitreous chamber radius
Vitreous chamber length
Pupil radius
Iris length

Variable

mm

Reference

Cr
Vr
Vl
Pr
Il

2.0
11.0
19.5
1.5
5.7

[22,25]
[22,25]
[22,25]
[15]
[23]

Fig. 1 (a) Different views of the Artisan Aphakia lens. (b) Cross
section of the AC with the IFIOL implanted on the anterior surface of the iris. (c) Cross section of the VC with the IFIOL
implanted on the posterior surface of the iris. Note that, for
graphical reasons, the anterior and vitreous chambers have
been moved apart.

retropupillary IFIOL implantation. We consider the Artisan Aphakia þ30.0 D IFIOL, designed by Ophtec BV and shown in Fig. 1.

2

Geometries

Fig. 3 Angular velocity x(t) (solid lines, left vertical axis) and
angular acceleration a(t) (dashed-dotted lines, right vertical axis) of
saccadic rotations of 10 deg, 20 deg, and 30 deg versus time [14]

2.1 The Anterior Chamber. We consider an idealization of
the real AC, as shown in Fig. 1(b), which is based on the one used
in Repetto et al. [15]. A few modifications were made in order to
model the case in which the natural lens has been removed and
the iris has moved posteriorly. In particular, in the model [15], the
angle between the iris and the cornea was taken to be equal to
30 deg and we increased it in the present analysis. Doing so, the
AC depth becomes  3.14 mm, which is in agreement with the
work by Kapnisis et al. [16].
2.2 The Vitreous Chamber. We assume that when the
IFIOL is implanted on the posterior surface of the iris, the lens
capsule has been removed and vitrectomy has been performed
[17]. We assume that after the surgery, all the VC is filled with
aqueous. We note that, in some cases, only the anterior portion of
the vitreous is removed during the surgery. However, since cataract is typically performed on elderly patients, the vitreous which
is left in place is likely to be extensively liquefied, which justifies
our choice to model it as a Newtonian fluid.

Fig. 2 Cross section of the VC. The values of all parameters
are given in Table 1.
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Fig. 4 Validation of the numerical model. Motion of a viscous
fluid within a rigid sphere performing a saccadic rotation.
Radial profile of the normalized maximum azimuthal velocity
u/,max. The radial coordinate r is normalized with the sphere
radius R. The present numerical findings are compared with the
experimental and analytical results of Repetto et al. [14] and
with the numerical results of Abouali et al. [28]. We reproduced
the conditions of experiment sac-11 in Ref. [14], R 5 0.012 m,
A 5 40 deg, and m 5 1.4 3 1024 m2/s.

The geometry of the VC used in this work is presented in
Fig. 2. We assume that the chamber is axisymmetric, thus neglecting the foveal region, in agreement with many previous works in
this field (e.g., see Refs. [18–21]) and we smooth the joints
between different tissues. The geometry is based on the works by
Worgul [22], Woo et al. [23], and Pavlin et al. [24], and the iris is
flattened to be consistent with the shape of the AC, as discussed
previously. The values of the parameters introduced in Fig. 2 are
reported in Table 1.
Transactions of the ASME

Fig. 5 Maps of the pressure (left) and velocity magnitude (right) in the AC at different times.
Saccade with an amplitude of 10 deg. Pressure in Pa and velocity in m/s.

2.3 The Iris-Fixated Aphakic Intraocular Lens. In this
study, we consider the Artisan Aphakia lens (þ30.0 D), which is
shown in Fig. 1(a). The two possible implantation scenarios of the
lens (on the anterior or posterior surface of the iris) are shown in
Figs. 1(b) and 1(c), respectively.

3

Mathematical Formulation

3.1 Governing Equations. The aqueous humor is treated as
an incompressible Newtonian fluid and the governing equations
are the Navier–Stokes and continuity equations, which are written
and solved with respect to a fixed reference frame
@u
1
þ ðu  rÞu þ rp  r2 u ¼ 0
@t
q

(1a)

ru¼0

(1b)

where t is the time, u denotes the velocity vector, p is the pressure,
q is fluid density, and  its kinematic viscosity. We have assumed
q ¼ 1000 kg/m3 and  ¼ 7.5  107 m2/s [26]. In Eq. (1a), we
have neglected gravity, thus the pressure has to be understood as
the departure from the hydrostatic pressure distribution.
We solve the above equations in the domains shown in
Figs. 1(b) and 1(c). Since the passage of fluid across the pupil during eye rotations is negligible, we perform simulations only in the
AC when the IFIOL is implanted on the anterior surface of the iris
and only in the VC for posterior lens implantation.
3.2 Eye Rotations and Boundary Conditions. Repetto et al.
[14] experimentally investigated fluid motion induced by saccadic
eye rotations in an eye model. They suggested to model the eye
angular displacement h of the eyeball in time during a saccade of
amplitude A and duration D with the following fifth-order polynomial function:
hðtÞ ¼ c0 þ c1 t þ c2 t2 þ c3 t3 þ c4 t4 þ c5 t5

(2)

The constants ci (i ¼ 0,…, 5) are determined imposing the
_
_
following conditions: hð0Þ ¼ 0; hðDÞ ¼ A; hð0Þ
¼ 0; hðDÞ
¼ 0;
_ p Þ ¼ xp , and €hðtp Þ ¼ 0, where tp is the time at which the anguhðt
lar velocity peaks and xp is the corresponding peak angular
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velocity. Relationships between D, A, tp, and xp are obtained from
measurements taken by Becker [27] and also used in Ref. [14].
In Fig. 3, we show the angular velocity and acceleration for amplitudes of 10 deg, 20 deg, and 30 deg, based on such a polynomial function. We note that, in all cases, the initial and final accelerations are
nonzero. We use this function to model the motion of the eye, considering amplitudes of 10 deg, 20 deg, and 30 deg. We assume that eye
rotations occur about the z-axis in Fig. 1 (pointing up out of the page).
In the numerical simulations, we thus impose the following
boundary conditions:
Pupil (blue surface in Fig. 1). The pupil (slip surface in Fig. 1)
aperture is not a solid wall and we impose there a slip velocity
boundary condition.
All other surfaces. On all other surfaces, we impose the no-slip
condition, i.e., the relative velocity of the fluid at the wall, compared to the wall undergoing saccadic motion, is zero.
3.3 Calculation of the Force. The hydrodynamic force on a
closed surface S is defined as
ðð
ðð
 p n dS þ
d n dS
(3)
F¼
S

S

where n is the outer unit normal vector and d is the deviatoric part
of the stress tensor. For the purpose of discussion, we denote the
left-hand side Fhydrodynamic, the first integral on the right-hand side
as Fpressure and the second as Fviscous. Since our aim is to calculate
the force exerted by the IFIOL on the iris, we also account for the
fictitious forces on the lens induced by the acceleration of the
domain. These forces are calculated analytically as follows:
Ffictitious ¼ mX  ðX  rÞ  m

dX
r
dt

(4)

where m is the mass of the IFIOL, r is the distance of the center of
mass of the IFIOL from the axis of rotation, and X is the angular velocity. Finally, we denote the total force as Ftotal ¼ Fhydrodynamic þ Ffictitious,
which represents the force transmitted by the lens to the iris.
3.4 Numerical Solution. The governing Eqs. (1a) and (1b)
are solved numerically using the pimpleDyMFoam solver in
1
OpenFOAM v.2.4.
This is a large time-step transient solver
1

http://openfoam.com
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Fig. 6 Various components of the force of the IFIOL on the iris versus time. Left columns: x-component and right
column: y-component of the force. Each line corresponds to a Saccade with different amplitudes. The IFIOL is
placed on the anterior surface of the iris. Vertical lines mark the time at which saccades end.

for incompressible flows, which considers the dynamical
motion of the domain. The hydrodynamic forces on the
lens are computed using the force function object utility of
OpenFOAM.
111009-4 / Vol. 140, NOVEMBER 2018

A mesh independence analysis was performed and, for the
results presented in this work, a mesh of  2.5  106 volumes has
been used for both the AC and the VC. Moreover, the time-step
was fixed to a value of 1  106 s, with a corresponding maximum
Transactions of the ASME

We now discuss the forces exerted by the IFIOL on the iris during eye rotations. Even if the governing equations are solved with
respect to a fixed reference frame, in terms of absolute velocity,
results regarding the forces will be presented with respect to a
coordinate system that follows the rotation of the domain. In other
words, at all times, the y-axis in Fig. 6 passes through the axis of
symmetry of the AC (see also Fig. 1 for orientation of the axes).
In Fig. 6, we report the forces versus time for saccades of
10 deg, 20 deg, and 30 deg. The results show that the force due to
the pressure distribution on the IFIOL, Fpressure (Figs. 6(a) and
6(b)), is larger than the viscous one, Fviscous (Figs. 6(c) and 6(d)),
in all cases. However, the fictitious force, Ffictitious (Figs. 6(e) and
6(f)), acting on the IFIOL is almost opposite to the force induced
by the pressure distribution, so that the sum of the two, Figs. 6(g)
and 6(h), turns out to be comparable to the viscous force. The xcomponent of the pressure and the viscous forces is significantly
larger than the y-component for all saccades (by more than an
order of magnitude). Correspondingly, also the x-component of
Ftotal is larger than its y-component for all saccades.

Fig. 7 Maps of the pressure (left) and velocity magnitude
(right) in the VC at different times. Saccade with an amplitude of
10 deg. Pressure in Pa and velocity in m/s.

Courant number of 102. For all simulations, discretization methods corresponding to second order accuracy in time and space
have been adopted.
3.5 Validation of the Numerical Approach. In order to validate our numerical solver, we consider the motion of a viscous
fluid within a rigid sphere performing a saccadic rotation about an
axis passing through its center. The saccadic motion is described
by the law used to obtain Fig. 3. This motion was studied experimentally and theoretically by Repetto et al. [14] and numerically
by Abouali et al. [28]. In Fig. 4, we plot the radial profile of the
normalized maximum azimuthal velocity u/,max. In the figure, the
radial coordinate r is normalized with the sphere radius R. The
plot shows that our numerical result is in excellent agreement
with all previously published data.

4

Results

4.1 Iris-Fixated Aphakic Intraocular Lens Implanted on
the Anterior Surface of the Iris. We first consider the case of
anterior IFIOL implantation. Figure 5 shows three snapshots of
the pressure (left) and velocity distribution (right) in the AC, for
the case of a 10 deg saccadic rotation in the counterclockwise
direction. At the initial times, Figs. 5(a) and 5(b), the pressure
peaks on the right side of the domain, owing to the strong initial
angular acceleration. Approximately when the angular acceleration changes sign, Figs. 5(c) and 5(d), the pressure gradient also
does so and the maximum of the pressure is localized on the left
side of the domain. The saccade motion ends at the time 0.05 s,
Figs. 5(e) and 5(f). The figures show that a thin boundary layer
forms at the wall, the thickness of which grows in time, owing to
viscous diffusion of momentum. After the domain ceases to move
(t  0.05 s), some fluid motion still occurs in the AC owing to
fluid inertia. Much care has been taken to properly resolve with
the numerical discretization the thin boundary layer at the wall.
This is important since the motion within the boundary layer at
the IFIOL surface affects the shear stress exerted on the surface
on the lens. Results for 20 deg and 30 deg rotations are not shown
since they are qualitatively similar to those presented for the
10 deg case.
Journal of Biomechanical Engineering

4.2 Iris-Fixated Aphakic Intraocular Lens Implanted on
the Posterior Surface of the Iris. In the case of posterior implantation and vitrectomy, the domain is the entire VC, which can be
thought of as a deformed sphere. As a consequence, the characteristics of the flow field are expected to be very different from those
discussed in Sec. 4.1 In Fig. 7, we report snapshots analogous to
those of Fig. 5. As a consequence of the “quasi spherical” shape
of the domain, the pressure is almost zero in the core of the
domain and attains relatively large values only in the region close
to the wall, where the wall velocity has a significant component in
the direction normal to the wall specifically in the anterior part of
the domain. Relatively large pressures occur in the narrow region
between the IFIOL and the iris, even when the domain has come
to rest.
The motion remains confined within a narrow boundary layer at
the wall, which we took care to properly resolve in the simulations. The velocity out of this thin layer is very small at all times.
A closer inspection of the flow field in the anterior region of the
domain shows more complexity (see Fig. 8). A circulation is generated close to the lens, along with further small circulations in
the vicinity of the ciliary body. The generation of the large circulation cell behind the IFIOL is consistent with the experimental
observations of Stocchino et al. [18] and with the theoretical predictions of Repetto et al. [19]. Indeed, the authors also observed
the existence of a circulation in the VC, induced by the change of
curvature of the domain produced by the natural lens.
The forces on the lens are reported in Fig. 9. In this case, the xand y-component of Fpressure and the x-component of Fviscous are
comparable in magnitude. The x-component of the fictitious force

Fig. 8 Map of the velocity magnitude and streamlines in the
anterior part of the VC. t 5 0.05 s, saccade amplitude equal to
10 deg.
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Fig. 9 Various components of the force of the IFIOL on the iris versus time. Left column: x-component and right
column: y-component of the force. Each line corresponds to a Saccade with different amplitudes. The IFIOL is
placed on the posterior surface of the iris. Vertical lines mark the time at which saccades end.

is, as expected, similar but slightly smaller than that found for the
anterior IFIOL implantation, since the center of mass of the IFIOL
is in the case of posterior implantation closer to the axis of rotation. We note that the x-component of Fpressure and Ffictitious has
the same sign, at almost all times, and therefore sum up.
111009-6 / Vol. 140, NOVEMBER 2018

5 Comparison Between Anterior and Posterior
Iris-Fixated Aphakic Intraocular Lens Implantation
In this section, we compare the results obtained for the forces in
the case of anterior and posterior IFIOL implantation. In
Transactions of the ASME

Fig. 10 Total force of the IFIOL on the iris, for the cases of anterior and posterior positioning, versus time. Left column:
x-component and right column: y-component of the force. From the top to the bottom, 10 deg, 20 deg, and 30 deg, respectively.

Fig. 11 Maximum force in the x (left) and y (right) directions as a function of the saccade amplitude. For the xcomponent of the force, we consider the maximum of the absolute value of Ftotal x; for the y direction, we consider
the maximum positive value for the dashed-dotted line and the maximum negative value for the solid line.
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particular, we compare the values attained by the total force Ftotal,
which is the force transmitted by the IFIOL to the iris. This is an
important physical quantity since it is associated with the risk of
lens dislocation.
We note that the force in the x-direction can always contribute
to lens dislocation, whereas the force in the y-direction (i.e., in the
direction approximately orthogonal to the surface of the iris) does
so only if it tends to pull the IFIOL away from the iris. This means
that, as far as lens dislocation is concerned (what we call in the
following detaching force), we only need to consider positive values of Ftotal y when the lens is placed in the AC and negative values when it is placed behind the iris.
In Fig. 10, we plot the time evolution of the x- and ycomponent of Ftotal for the two cases. The three rows correspond
to different amplitudes investigated (10 deg, 20 deg, and 30 deg).
The forces are invariably significantly larger (at least by an order
of magnitude) when the IFIOL is implanted posteriorly to the iris.
In Fig. 11, we show how the maximum detaching force (in the
x- and y-direction) depends on the saccade amplitude. As one
might expect, the force grows with the saccade amplitude, the
dependency being, however, quite small. This is somehow consistent with the experimental findings of Repetto et al. [14]. The
authors showed that the shear stress on the retina only slightly
grows with the amplitude of saccades and postulated that small
amplitude eye rotations, being much more frequent, could actually
be responsible for the possible occurrence of retinal damages.

6

Conclusions

Our results show that the forces transmitted by the IFIOL on
the iris are much larger when the IFIOL is mounted on the posterior side, compared to when it is mounted on the anterior side.
In order to understand whether the computed forces are potentially of clinical interest, it is quite natural to compare them with
the submerged weight W of the IFIOL, which is the force the
IFIOL transmits to the iris in static conditions. This force is not
zero, since the lens is not neutrally buoyant and its magnitude can
be computed as follows:
W ¼ gðmIFIOL  qVIFIOL Þ

(5)

where g is the acceleration of gravity, mIFIOL the mass of the
IFIOL (12  106 kg, information from Ophtec BV), and VIFIOL
the IFIOL volume (VIFIOL  1.0378  108 m3). With the above
numbers, we obtain W ¼ 1.59  105 N. Comparing the above
value with the forces reported in Fig. 11, it appears that W is significantly larger than the forces the IFIOL is subjected to, when it is
placed in the AC. On the other hand, when the lens is implanted on
the posterior surface of the iris, the dynamic forces generated on
the iris during eye rotations are significantly larger than the lens
weight W, in particular in the x-direction. Thus, eye rotations certainly have a significant role in the possible dislocation of the lens.
The present study shows a clear difference in the forces induced
by eye movements on the iris in the case of anterior or retropupillary IFIOL implantation. In the latter case, the forces transmitted
by the haptics to the iris are at least an order of magnitude larger.
This, in turn, might increase the risk of subluxation when an inadequate amount of iris tissue is enclavated. Even if there is no clear
clinical evidence that retropupillary implantation is associated
with a higher prevalence of IFIOL subluxation, the results of this
study suggest that a proper fixation is essential to prevent possible
subluxations, especially in the case of lens implantation on the
posterior surface of the iris.
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