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This paper deals with the optical characterization of diffractive multifocal Intra-Corneal Lenses (ICLs) that we have developed in order
to correct presbyopia. These diffractive multifocal lenses are made of a very soft material (permeable to oxygen and nutrients), with a
thickness smaller than 100 µm and require liquid immersion. As a consequence, most of the conventional metrology methods are unsuited
for their characterization. We developed specific setups to measure diffractive efficiencies and Modulation Transfer Function (MTF) adapted
to such components. Experimental results are in good agreement with Zemax® simulations. For the best of our knowledge, it is the first
time that optical characterization is devoted to the ICLs. Furthermore, most of the IOL’s optical characterizations are focused on far vision
MTF and don’t assess the near vision MTF, which we study in this paper.
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1 INTRODUCTION
Bifocal diffractive intraocular lenses (IOLs) are nowadays
widely used in the correction of presbyopia or when cataract
surgery is performed [1, 2]. Such lenses can be obtained by
combining two lenses, a carrier lens which determines the
power for the far vision and a diffractive profile providing
the addition needed to correct the near vision [3]. However,
intraocular correction of presbyopia leads to heavy surgical
operations which are invasive and irreversible. To solve these
issues, we proposed a new concept of presbyopia correction
based on bifocal diffractive Intra-Corneal Lenses (ICLs). The
surgical operation will become easier, less-invasive and reversible, since it will be conducted in the cornea and it won’t
need removing the crystalline lens. Such an ICL consists of
a plane carrier lens with an infinite focal length in order to
keep unchanged the far vision power and a diffractive bifocal profile with an addition of 2.5D which is used to correct
the near vision. In our previous studies [4], we designed and
compared four different profiles of diffractive lenses, in term
of efficiency, Modulation Transfer Function (MTF) and chromatism. The simulations of these properties with Matlab and
Zemax® have shown that the parabolic profile presents the
better performance for our purpose [4]. We designed this profile to yield 70% of absolute efficiency in far vision (the 0th
order) and 16% in near vision (the -1st order) at the design
wavelength of 550 nm. Figure 1 shows the profile (Figure 1(a))
as well as an image of our diffractive lens (Figure 1(b)).

FIG. 1 Diffractive lens. a) Profil. b) 2D imaging.

Figure 2 illustrates the principle of correction of prebyopia
with a bifocal diffractive ICL.
We assume that, without the lens, the patient has a perfect far
vision and a poor near vision. The addition of the lens leads
to a better near vision, while in return the far vision is slightly
degraded due to the halo caused by the -1st order. This compromise could not be avoided for multifocal correction [5, 6].
In order to control the performance of our diffractive lens,
we carried out its experimental characterization in terms of
diffractive efficiencies and MTF measurements. One major
constraint in this characterization is related to the fact that the
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FIG. 4 Diffractive efficiency measurement (for the 0th order).

FIG. 2 Principle of correction of presbyopia with a bifocal lens.

λ = 633 nm
The 0th order
The 1st order

Experimental
Efficiencies
70 ± 3 %
14 ± 3 %

Simulated
Efficiencies
78 %
12 %

TABLE 1 Comparison of experimental and simulated diffractive efficiencies.

FIG. 3 Diffractive efficiency measurement (for the -1st order).

lens must be immersed in a liquid with a refractive index close
to that of cornea, because deshydratation distorts our implant
when it is in the air.

2 DIFFRACTIVE EFFICIENCIES
MEASUREMENT
The diffractive efficiency of each order is equal to the ratio between the diffracted energy in this order and the total energy
incident on the profile. Figures 3 and 4 show the schematic diagrams of the setups developed for efficiency measurements
of the -1st and 0th orders.
The HeNe laser at 633 nm is spatially filtered and collimated
to yield a smooth and flat wavefront. The beam diameter is
stopped to 3 mm, close to that of the pupil of a 50 year old
patient in daylight. Since the lens floats in its cell, the optical bench must be vertical. The 0th order remains collimated
behind the diffractive lens and is brought to focus by using
an additional convergent lens of 100 mm focal length (Figure 4). As detailed below, this lens, which has a high Strehl
ratio (98%), is placed at the focus of the -1st order to reduce its
contribution in the 0th order efficiency measurement. The -1st
order focuses at 400 mm at the design wavelength (550 nm),
which corresponds to 347 mm at the illuminating wavelength
of these setups (633 nm). For each focus, the energy is integrated through a pinhole whose diameter is equal to that of
the first ring of the Airy pattern defined by d = 2.44λ f ob /D;

with the wavelength of the illuminating beam λ = 633 nm,
the diameter of the stop D = 3 mm and the focal length associated with the diffracted order f ob (100 mm for the 0th order and 347 mm for the -1st order). It is important to notice
that the first ring of an Airy pattern contains 84 % of the total energy if there is no aberration; this assumption leads to a
correction factor which must be taken into account to calculate the diffractive efficiency. The energy is measured with a
large silicon photodiode (1 cm in diameter) associated with a
picoammeter (Keithley 485).
Experimental efficiencies agree reasonably well with the simulated efficiencies which are given here at 633 nm (Table 1),
although the 0th order efficiency simulated is slightly out of
tolerance range of the experimental efficiency. This can result
from a difference between the profile height used in the simulation and the experimental one. However, no mechanical
profilometer can be used in this case because the material is
too soft. Furthermore, the slight refractive index difference between the implant and its liquid environment makes it difficult to reach the surface profile with an optical profilometer
due to a poor fringes contrast. This aspect is currently under
investigation.

3 MTF MEASUREMENT
The MTF is a well-known concept to evaluate the performance
of optical systems [7]. We have assessed different methods to
calculate the MTF such as wavefront measurement methods
[8, 9]. Particularly, we have shown that Shack-Hartmann sensors are hampered by the apparition of multiple spots [10].
Another method is based on the measurement of the Point
Spread Function (PSF). Zhang et al. have demonstrated the
suitability of this method for the characterization of thermopneumatically tunable micro-lenses [11]. Koronkevich et al.
have also used this method for bifocal diffractive-refractive
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FIG. 5 PSF setup in far vision.

FIG. 6 PSF setup in near vision.

IOLs [12]. Due to the constraints related to the material and
the geometry of our lens, we have chosen to develop a PSF
setup, emphasizing the selection of critical parameters such
as the size of the point source and the sampling of the PSF.
Figure 5 presents the experimental setup in its far vision setting.

The MTF are obtained by calculating the normalized modulus of the Fourier transform of the PSF. Care must be taken
with the CCD dark level which contributes to a wrong normalization of the MTF. This problem was solved by carrying
out the experiments in darkness and subtracting from the PSF
image the mean of a small zone chosen far from the PSF peak.
Indeed, we have compared different ways to remove the background in the image including the recording of the true dark
level [2] but the method proposed here is more convenient
since the camera sensor is large enough to consider a zone
far from the PSF area to determine the dark level. We have
checked that the choice of this zone does not alter the results of
the MTF provided that it is sufficiently far from the PSF peak.
Our Matlab code automatically detects the PSF peak and automatically chooses the furthest zone from the PSF as the dark
level. Thus, no additional background recording is required.
Finally, to check this setup, the MTF of the eye model alone
(without the diffractive lens) obtained on our optical bench
with a red filter was compared with the MTF obtained with
the Zygo interferometer (GPI-XP) at 633 nm. Very good agreement was obtained (Figure 7).

The setup for the near vision is obtained by removing the collimator and putting the object (pinhole) at the distance of about
400mm from the diffractive lens (Figure 6). The eye is modeled
by an achromat of high quality (Strehl ratio of 92% at 633 nm)
with a power (51D) close to that of the human eye (59D). All
PSF measurements were done using a green filter (Flat transmission close to 100% between 500 nm and 580 nm). Theoretical studies of the chromatism of our implant can be found in
[4]. From the above considerations, the design of the bench
should meet the following rules.
• First of all, the image of the pinhole given by the
optical system (diffractive lens + eye model) must be
smaller than the Airy pattern of this optical system.
Thus, the diameter d of the pinhole must fulfill the
condition d ≤ λ f 1 /D. We chose in our case d = 20 µm
(λ = 0.55 µm, D = 3 mm and the focal length of the
collimator f 1 = 400 mm).
• Next, the sampling of the image by the CCD camera
must respect the Shannon condition. Given the pixel size
(p x = 9 µm), the image of the pinhole given by the optical system (diffractive lens + eye model) must be magnified by a factor gy such that gy ≥ 2Dp x /λ f 2 . where
f 2 = 19.6 mm is the focal length of the eye model. In our
bench, we use gy = 20.
• Finally, the CCD must have a high dynamic range in order to correctly sample the Airy pattern and the much
weaker halos induced by the parasitic orders. Two different CCD cameras were tested: a Sony video camera
(XCD-SX 910, 8 bits output) and a cooled CCD designed
for astronomy (SBIG ST8 XME, 16 bits output). Due to
its higher dynamic range, the SBIG camera allowed us to
record the whole PSF (central peak and halos) in a single
image.

4 RESULTS AND DISCUSSION
We present our experimental results of MTF compared
with the simulations of our diffractive lenses obtained with
Zemax® [4]. Figure 8 shows the MTF measured in far and
near visions.
Curves 1(a) and 2(a) present the MTF in far vision for the
eye model respectively without and with the diffractive lens,
whereas curves 1(b) and 2(b) show the MTF in near vision for
the eye model respectively without and with the diffractive
lens. As said above, the curves 1(a) and 1(b) correspond to a
presbyopic eye which has a correct far vision and a blurred
near vision. Even though the addition of the diffractive lens
slightly reduces the far vision quality (curve 2(a)), it really improves the near vision (curve 2(b)). These measured MTF are
compared to those simulated with the green filter of our CCD
(curves 3(a) and 3(b) for far and near visions respectively). The
experimental results are in good agreement with the simulations and the repeatability is better than 2%. Of course, the
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of the intracorneal implant is innovative and will make surgical correction of the presbyopia an easier and reversible operation. The optical characterization proposed is suitable for this
type of component (multifocal, soft material, small size and
immersed in a liquid) and provides good results for diffractive
efficiency and MTF measurements consistent with our modeling. It turn out that the tested lens appears to be a promising
solution for the correction of presbyopia and we are working
currently in reducing our inlays thickness.
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FIG. 7 MTF measurement of the eye model alone (f =19.6 mm, D = 3 mm).
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