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Abstract— In this paper the design restrictions of an inductive
sensor for an intraocular lens with focus control on the basis of a
marker implanted in the ciliary muscle of the eye are discussed
in the framework of anatomical and physiological influences
and constraints: limitations on the marker size, influences of
tissue conduction and effects of off-axis implantation of the
marker with respect to the coil.

I. INTRODUCTION

The standard treatment for cataracts disease is to extract
the natural crystalline lens for the eye and replace it with
an artificial intraocular lens (IOL) [16]. These IOLs come
in roughly three designs: monofocal [16], multifocal [15]
and accommodating [18]. The monofocal design is com-
monly implanted but obviously lacks focussing functionality.
Multifocal lenses meet the demand of multiple focal points
but a the cost of several issues such as glare [18], lowered
contrast sensitivity [3], [18], [22] , halos [18] and direct light
intolerance [18]. Additionally the multifocal design does not
provide a complete restoration of the human accommodating
system, since it only comprises a fixed number of focal
points. More recently accommodating lens designs have been
proposed in order to overcome the issues of multifocal lens
design. The three major designs are classified as singular
accommodative [17], [19], [26], piggyback [1], [2], [20], [22]
and capsular refilling [23]–[25]. These designs have issues
such as instability [25], inadequate accommodative power
[25] and others [13], [25]. These accommodative IOLs are
based on the change of focal plane position due to ciliary
muscle induced movements of the lens within the capsular
bag volume. Since this movement depends on the stiffness
of the surrounding tissue, which increases with time [14], it
is expected that over time restoration will be required.
An alternative design for an accommodative IOL is to elec-
tronically adapt the focal distance of the lens [8], [11], [12].
The system used here is based on inductively sensing the
contraction state of the ciliary muscle and liquid crystal based
lenses to adapt the dioptric power [8], [11]. The principle is
based on a marker, implanted in the ciliary muscle, getting
nearer and farther from the sensor coil due to contraction and
relaxation of the ciliary muscle. The goal of this paper is to
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Fig. 1. Schematic representation of the inductive sensor for the intraocular
lens system. A highly conductive marker is implanted in the ciliary muscle
of the eye and moves when the muscle contracts or relaxes. The position of
the marker has an influence on the inductance of the detection coil embedded
inside the IOL. In this way the inductance is a measure for the contraction
state of the ciliary muscle.

assess the magnitude of influences and constraints due to
the anatomical environment around the inductive sensor and
marker. A numerical study is presented that adapts this type
of sensor to the dimensions and restrictions of an eye. Also
results from a numerical simulation with off-axis movement
of the marker, which can occur in the case of a non-ideal
implant location, is included.

II. CONCEPT OF AN INDUCTIVE SENSOR FOR AN
ELECTRO-OPTIC LENS

An accommodative intraocular lens (IOL), has to adapt its
focal length according to the demands from the visual cortex.
Here the design is based on electronically adaptable lenses,
which are immobilised in the capsular bag volume, thereby
eliminating the influence of the time varying stiffness from
the capsular bag [14]. The lenses are based on liquid crystal
technology [27] and change focal distance by applying an
AC-voltage across the liquid crystal volumes. Detection of
the information from the visual cortex is done by optically
detecting iris contraction [12] or by inductively sensing
ciliary muscle contraction [8], [11]. This paper focusses
on the inductive detection system. The system is based on
a highly conductive marker, which is implanted into the
ciliary muscle of the eye and is aligned with an inductive
detection coil within the IOL [8] (Fig. 1). If the ciliary
muscle contracts, the marker moves closer along the central
axis of the detection coil hereby changing the inductance
L of this coil and the resonance frequency f of a Colpitts
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Fig. 2. Data [9] for a detection coil with radius R = 2 mm and marker
radius r = 1 mm. The numerical data were generated by FEMM [21] for
a vacuum setup. The analytical relation for vacuum while the experimental
data were gathered for a setup in air. The experimental data, the analytical
equation and the numerical model are in good correspondence.

oscillator circuit in which the coil is integrated [11]. This
type of detector has been numerically modelled for vacuum
conditions [9] with the finite-element software FEMM [21].
In [9], a theoretical model for vacuum and analysis of the
modelling assumptions have been developed. This model
shows that there exists a relation between the radius of the
marker r, the radius of the detection coil R, the distance
between the centre of the marker and the coil d and the
relative change in inductance L:

∆L

L∗
=

2

3

R3

(R2 + δ2)3
, (1)

with R = R
r , δ = d

r and L∗ the inductance when no marker
is present. It has been shown that this relation also holds for
an experiment in laboratory conditions (Fig. 2) [9]. Eq. 1
can be rewritten as a relative frequency shift of the oscillator
signal:

∆f

f∗
' 1

3

R3

(R2 + δ2)3
, (2)

with f∗ the resonance frequency of the oscillator circuit
without a marker present. From this equation the maximum
amplitude of a signal (i.e. contraction from a relaxed state to
a fully contracted state) ∆f can be calculated and compared
to the noise generated in the setup.

III. PHYSIOLOGICAL CONSTRAINTS FOR THE
NUMERICAL MODELS

In the previously mentioned models there were two major
assumptions on which to the results for the inductive sensor
were based:

1) the marker moves in a vacuum or air environment,
2) the marker moves perfectly along the central axis of

the detection coil.

In addition, no restriction was set on the size of the markers
although it is clear that not all sizes are suitable for implan-
tation in a human eye.
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Fig. 3. Data [9] for a detection coil with radius R = 2 mm and marker
radius r = 1 mm. The numerical data were generated by FEMM [21] for
both a vacuum setup and a setup in biological tissue (watery environment).
The analytical equation holds for vacuum while the experimental data were
gathered for a setup in air. The experimental data, the analytical equation
and the numerical models are in good correspondence.

A. Biological tissue

The numerical simulations for the inductive sensor [9]
(Fig: 2) were performed with the assumptions of a vacuum
medium and a marker, which is a perfect electric conductor.
When the inductive sensor is applied for intraocular lenses
the medium between the marker and the detection coil will
be biological tissue instead of vacuum. Biological tissue
has a finite non zero electrical conductivity σ and high
relative permittivity εr, which influences the behaviour of
oscillating electromagnetic fields at a certain frequency. Both
σ and εr have a high frequency dispersion [10]. In the
application of an intraocular sensor a frequency f in the
order of 10 MHz is applied giving σ ' 1 S/m and εr ' 70
[10], [29]. Since 2πfε � σ the displacement current can
be ignored allowing for quasi-magnetostatic calculations. If
the conductivity of the medium is taken into account for
the numerical FEMM model also the marker needs to be
modelled as a realistic material, gold, with a finite electrical
conductivity σmarker ' 40MS/m. The same dimensional
modelling parameters as applied for Fig. 2 are used: an
axially symmetric cylindrical coil with height h = 0.42 mm,
thickness t = 0.21 mm, radius R = 2mm and number of
turns N = 1, which is enclosed in a fixed modelling sphere
with radius k = 20 mm together with a spherical marker
with radius r = 1mm placed at a distance d from the face
of the coil [9]. There is a substantial influence (Fig. 3) of
the magnitude of the conductivity when the marker is very
close to the coil. At relative distance larger than δ = 0.5 the
correspondence between the numerical model for vacuum,
the analytical model, the experiment and the numerical model
for biological tissue are in good correspondence.

B. Size limitations and range

In a natural human eye the crystalline lens is suspended via
ciliary fibers to the ciliary muscle. On average the radius of
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(a) Calculated relative frequency response of a marker implanted in the natural,
unstretched, capsular bag. The optimum response lies around R = 1.8 mm and
requires the possibility to at least measure a relative frequency shift of 10−4.
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(b) Calculated relative frequency response of a marker implanted in a capsular
bag with a radius stretched over 1 mm. The optimum response lies around
R = 1 mm and requires the possibility to at least measure a relative frequency
shift of 10−3.

Fig. 4. Numerical model (Eq. 2) of a marker with radius r = 0.5mm
implanted in the ciliary muscle at a distance d from the detection coil with
radius R. The dots represent a relaxed ciliary muscle state, the stars represent
an accommodated ciliary muscle state, the triangles depict the differences
between the dots and stars. Stretching the capsular bag and thus shortening
the distance between the detection coil and the marker leads to smaller
detection coil radii and higher measurement accuracy.

the ciliary muscle in relaxed state (0 Diopter [D]) is 6.7 mm
while the average radius of the relaxed lens (0 D) is 4.6 mm.
In contracted state (8 D) the average ciliary muscle radius is
6.4 mm and the average radius of the lens is 4.4 mm [4]–
[6], [30], [31]. Without stretching the capsular bag beyond
its natural limits the distance between the lens and the ciliary
muscle is 1.8 mm in the accommodated state and 2.1 mm in
the relaxed state (Tab. I). In order to precisely monitor the
state of contraction of the ciliary muscle so that the dioptric
strength can be precisely and smoothly adapted, the sensor
should be able to resolve a fraction of the maximum 0.3
mm change in marker position at a maximum distance of
2.1 mm. The capsular bag could also be stretched to reduce
this distance [32].
The implanted marker size is limited to a radius of approx-
imately r = 0.5 mm in order to fit in the ciliary muscle
[28]. The radius of the detection coil is at most R = 2 mm
since it has to fit inside the capsular bag volume and has to
be placed near the edge. Using Eq. 2 the resolution of the

Ciliary muscle radius (mm) Lens radius (mm)
0D 8D 0D 8D
6.7 6.4 4.6 4.4
Difference between the ciliary muscle and the lens radii (mm)
0D - 0D 0D - 8D 8D - 0D 8D - 8D
2.1 2.3 1.8 2.2

TABLE I
VALUES FOR THE CILIARY MUSCLE AND CRYSTALLINE LENS RADII

(MM) WITHOUT ACCOMMODATION (0 DIOPTER [D]) AND FULL

ACCOMMODATION (8D). THE DIFFERENCE BETWEEN LENS AND

CILIARY MUSCLE DIAMETER GIVES AN ESTIMATE FOR THE MINIMUM

RANGE AN INDUCTIVE SENSOR NEEDS TO HAVE IN ORDER TO DETECT

CILIARY MUSCLE MOVEMENTS WITH A DETECTION COIL PLACED INSIDE

THE LENS.

sensor given the restrictions is estimated (Fig. 4). Without
stretching the capsular bag, a minimum relative measurement
accuracy of 10−4 is needed to detect full accommodation (0D
to 8D). With a stretched capsular bag on the other hand a
minimum accuracy of only 10−3 is needed. With our current
experimental test system, the typical relative experimental
noise level on the marker-coil distance is 2kHz

8MHz ' 2 · 10−4,
which satisfies this requirement. Also, when the capsular bag
is stretched, the optimum radius of the detection coil shifts
to smaller radii making it more convenient to implant.

C. Off-axis movement

The numerical simulations for the inductive sensor [9]
(Fig: 2, 3) were performed with the assumption of axial
movement with respect to the central coil axis. This as-
sumption will not hold for an implanted lens since it is
not straightforward to maintain millimeter precision when
surgically implanting the marker. If the relation between
off-axis movements and the coil inductance and oscillation
frequency is monotonic, then the accommodation software
can be calibrated to properly incorporate the effect. The
effect has been numerically modelled (Fig. 5) using 3D
electromagnetic field simulation by CST EM Studio [7] and
by assuming a marker that moves away from the detection
coil with a fixed angle with respect to the central axis of
the coil. Moving at an angle turns out to be beneficial for
the close range sensitivity of the sensor. This is however
irrelevant for the application of an intraocular lens sensor.
The reason for the higher ∆L

L∗
is that due to the finite size

of the coil, the marker will still be directly above the coil
surface during the first steps. This means that in moving
a larger distance the marker has moved a smaller distance
away from the coil surface. At larger distances d > 1mm the
effect of moving at an angle is much smaller.

IV. CONCLUSION

The design for an accommodative lens using opto-
electronical control needs information on the dioptric
strength desired by the visual cortex. An inductive sensor
detecting the position of a highly conductive marker im-
planted in the ciliary muscle gives a possibility to monitor
its state of contraction, which is a reliable indicator of
the desired dioptric strength. Three issues that should be
taken into account in the design of this sensor, i.e. the
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Fig. 5. Data for off-axis movement of a marker modelled via CST EM
Studio [7]. A marker (r = 0.5mm) moves away from the centre of the
detection coil (R = 1mm) under a fixed angle (45◦,26.5◦,0◦) with the
central axis of the coil. For d > 1mm there is no significant difference,
for d < 1mm moving under an angle gives a higher response than moving
along the central axis of the detection coil.

sensor range, vacuum vs. biological and on- or off-axis
movement, were discussed. It was shown that the range of
the sensor is sufficient to use natural dimensions for the
artificial lens, it would however be beneficial to stretch the
capsular bag to a higher radius. Models showed that the
biological tissue in first approximation will not influence the
sensor’s functionality. Modelling off-axis movement resulted
in apparent close range enhanced sensitivity but this effect is
mainly attributed to the coil size and modelling assumptions.
Overall, there are no significant limitations or deteriorating
effects of the investigated parameters on the functionality of
the sensor.
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