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Abstract: A novel deformable mirror using 52 independent magnetic
actuators (MIRAO 52, Imagine Eyes) is presented and characterized for
ophthalmic applications. The capabilities of the device to reproduce
different surfaces, in particular Zernike polynomials up to the fifth order, are
investigated in detail. The study of the influence functions of the deformable
mirror reveals a significant linear response with the applied voltage. The
correcting device also presents a high fidelity in the generation of surfaces.
The ranges of production of Zernike polynomials fully cover those typically
found in the human eye, even for the cases of highly aberrated eyes. Data
from keratoconic eyes are confronted with the obtained ranges, showing that
the deformable mirror is able to compensate for these strong aberrations.
Ocular aberration correction with polychromatic light, using a near
Gaussian spectrum of 130 nm full width at half maximum centered at 800
nm, in five subjects is accomplished by simultaneously using the
deformable mirror and an achromatizing lens, in order to compensate for the
monochromatic and chromatic aberrations, respectively. Results from living
eyes, including one exhibiting 4.66 D of myopia and a near pathologic
cornea with notable high order aberrations, show a practically perfect
aberration correction. Benefits and applications of simultaneous
monochromatic and chromatic aberration correction are finally discussed in
the context of retinal imaging and vision.
©2006 Optical Society of America
OCIS codes: (330.4460) Ophthalmic optics; (010.1080) Adaptive optics; (330.5370)
Physiological optics.
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1. Introduction
Adaptive optics (AO) enables the measurement and subsequent correction of optical
aberrations in real time. This technology was originally conceived for compensating the
degradation induced by the atmosphere over images obtained in ground-based telescopes, in
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the context of Astronomy [1]. In recent years, the study of the human eye has also benefited
from AO. The eye is a natural target for this technique, since it exhibits time-variable
aberrations degrading retinal images [2]. The use of AO in the eye [3] has been devoted to
both retinal imaging and to the study of the impact of aberrations in vision. In the first
mentioned application, almost all existing ophthalmic modalities have incorporated AO to
enhance quality and resolution of the retinal images: flood illumination fundus imaging [4,5],
scanning laser ophthalmoscopy [6-8] and more recently, ophthalmic optical coherence
tomography [9-13]. Regarding the investigation of the effects and occurrence of aberrations in
the eye, AO has also played an important role in the last years [14-20].
The two basic elements in an AO system are the wavefront sensor and the correcting
device associated with a calculation kernel. Although different methods have been proposed
for measuring aberrations, the Hartmann-Shack wavefront sensor [21], first demonstrated in
the eye by Liang and collaborators [22], is the one most widely used in the field [23].
Regarding the aberration correctors, many different devices have been proposed and
demonstrated for ophthalmic applications. A first classification can be established into two
main groups accounting for the physical principle of operation of the devices: liquid crystal
spatial light modulators, using nematic crystal, and deformable mirrors. In the former type, the
modulation of the phase is induced by the change of refractive index, consequently affecting
optical path, generated in the nematic liquid crystal in response to changes in the applied
electrical field [24]. Last generations of these devices, operating in reflection, present several
advantages for their use in the human eye [12,25], as a relatively friendly practical
implementation and calibration, and a elevated density of independent pixels to generate the
required phase profiles. The amplitude or stroke in the programmed phase can be very large.
High order aberrations, meaning phase distortions with high spatial frequencies, are possible
to be accurately generated with liquid crystal devices. A limitation in the ophthalmic context
of liquid crystal correctors is their relatively slow temporal response, in the order of 0.25
seconds. In addition, they required the use of polarized light, and present moderate light
absorption. When using polychromatic light, in those devices using phase wrapping, different
wavelengths can not be simultaneously modulated.
Deformable mirrors are the other alternative correctors, essentially consisting of a
mirrored surface whose shape can be controlled by means of actuators. The mirrored surface
can be compounded either by independent mirrors, known as segmented mirrors, or it can be a
continuous surface. Segmented mirrors present the drawback of energy losses, caused by the
spacing between adjacent segments, and also due to the redistribution of energy arising from
diffraction effects from each of the segments. They are the device of choice for primary
mirrors in astronomical telescopes endowed with very large diameters. Some advantages of
using segmented mirrors are their relatively inexpensive and simple replacement in case of
damage, as compared to continuous mirrored face sheets of huge diameter. For ophthalmic
applications continuous mirrored membranes are the preferred option. Within this later type,
several different deformable mirrors are found depending on how the membrane is deformed,
meaning the physical principle shaping the flexible surface.
Deformable mirrors using electroceramic cylindrical actuators, based on the piezoelectric
effect, coupled under an aluminized glass face plate surface have been widely used in the eye
[4,7,10,26]. This technology shows near hysteresis free operation and very high temporal
response (in the order of KHz). The effective stroke is limited to ~ 8 microns and the number
of actuators is typically below 100. The actuators can not be densely packed, so relatively
wide diameters are required (ranging from 40 to 70 mm). Other bimorph mirrors consisting of
a piezoceramic disc bonded to a rigid substrate, with actuators covering a wide area are used
for low order aberration correction, due to the reduced number of independent actuators
[11,27] (typically < 20). They present larger stroke, but hysteresis becomes important,
reducing the fidelity of the device. Electrostatic deformable mirrors have been also
demonstrated in the human eye [3,9,14,16,28-32], being one of the most cost-effective
approaches so far. In this case, the actuators are essentially electrodes exerting electrostatic
force over the deformable membrane. There is virtually no hysteresis, but the amplitude of the
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deformation is rather limited (typically < 6 µm). Other available correctors are the
microelectromechanical deformable mirrors, also proved in the human eye [8,33]. As in the
previous type, they use electrical forces to shape the mirrored surface, but to mechanically
displace the actuators instead. This approach enables for high packing ratios (~ 1000 actuators
in 3-4 mm diameter). With a stroke of 6-8 µm, they exhibit high linearity, no hysteresis and
low cost per actuator.
Currently, deformable mirrors available in the market present a limited capability to
correct for the ocular aberrations, even in normal eyes. This is especially dramatic when low
order aberrations, defocus and astigmatism, are considered. In addition, the cost of the
technology is still elevated, especially when thinking in mass incorporation of AO in
commercial ophthalmoscopes.
In this work we present a novel deformable mirror, using magnetic force to control the
shape of the flexible membrane. This new technology exhibits several advantages in the
performance as compared to others. We will characterize and demonstrate the device for
ocular applications. Full ocular aberration correction with polychromatic illumination in the
near infrared, simultaneous monochromatic and chromatic aberration correction, will be
presented by using the magnetic deformable mirror in conjunction with an achromatizing lens.
2. Methods
2.1. Experimental setup
An optical system was designed for testing the magnetic deformable mirror, also allowing for
the correction of the ocular aberrations in humans. The experimental setup is compounded by
lenses and spherical mirrors. Essentially, the system optically conjugates the exit pupil of the
eye, given by the virtual image of the iris through the cornea, with the plane of the deformable
mirror, the wavefront sensor, and an achromatizing lens. Conjugation is achieved by using
telescopes. These are formed by two positive lenses or by a spherical concave mirror and a
positive lens, alternatively. Concave mirrors are free of chromatic aberrations and back
reflections, but they introduce some other aberrations when implemented off-axis, mainly
astigmatism and coma aberration. All lenses are off-the-shelf achromatic doublets designed
for the near infrared.

Deformable
mirror

P4

P2
P3

Optometer

Broad
bandwidth
spectral laser
Δλ = 140 nm

H-S

Achromatizing
lens

P1
Eye

He-Ne illumination

Fig. 1. Picture of the adaptive optics system for the human eye. Planes, optically conjugated are
indicated with dotted lines.
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Figure 1 shows a picture of the actual system with its main components. In Fig. 1,
conjugated planes are indicated with letter P and the direction of the light is shown with
arrows. The absolute values of the magnification of the marked planes with the plane of the
eye’s pupil are 1, 2 and 0.5 for the achromatizing lens, the deformable mirror and the
wavefront sensor, respectively. The system accepts an entrance pupil, at the eye’s pupil plane,
of 7.3 mm diameter.
Two different subsystems are coupled in the setup for illumination. A He-Ne laser
emitting at 632.8 nm is used for alignment, introducing a highly collimated, virtually
aberration-free, beam into the system. Light is launched into the apparatus through an
uncoated pellicle beam-splitter (92 % transmission) placed in front of the eye.
A second arm is used to illuminate the subject’s retina via the aforementioned beam
splitter, allowing the measurement and correction of ocular aberrations in the system. The
light source is a compact, prismless, mode-locked Ti:sapphire laser. This type of Kerr-lens
mode-locked lasers produces smooth ultra-broad spectra in the near infrared, with high power
and high optical quality. It operates with pulses of 110 MHz, emitting a spectrum of 130 nm
FWHM centered at 800 nm [34]. Light from the laser source is launched into a 100 m long
monomode optical fiber in order to stretch the pulses. The use of the fiber prevents the
femtosecond pulses generated by the laser source to damage the retina, providing dispersive
stretching of the pulse duration to hundreds of picoseconds. The effect brings about the
reduction of the peak pulse intensities by several orders of magnitude. Due to the fact that the
laser operates at a repetition rate of 110 MHz, in practice, exiting light can be considered as a
continuous wave [35].
At the other end of the fiber, connected with the experimental apparatus, a triplet lens
collimates the beam for the illumination of the eye. The collimator is mounted in a special
stage, allowing for three-dimensional positioning. Beam size is limited to 1 mm diameter by
using a diaphragm in front of the collimator. Possible corneal reflections affecting the
wavefront sensor readouts are avoided during the experiment by displacing the collimator.
The system incorporates a commercial Hartmann-Shack wavefront sensor (HASO 32
OEM, Imagine Eyes) for measuring the ocular aberrations and controlling the deformable
mirror. The sensor is compounded by a CCD camera and an array of 32x32 microlenses
coupled in the camera’s mount, making the device compact and portable. The maximum pupil
accepted by the sensor is 3.65 mm diameter, sampling in this case the wavefront with ~ 800
microlenses (the size of each square lens is ~ 0.114 mm). Calibration of the sensor is provided
by the manufacturer.
2.2. Magnetic deformable mirror
A novel deformable mirror is used for correcting ocular aberrations. The active mirror consists
of a flexible membrane deformed by a set of 52 magnetic actuators. The size of the mirror
(without cable and electronic driver) is about 6.9x6.4x2.8 cm. A silver coating gives high
reflectivity in both visible and near infrared domains. Figure 2(A) presents a lateral scheme of
the magnetic mirror. A voltage applied to the coil creates a magnetic field pushing or pulling
the magnet, depending on the sign of the applied voltage. The produced force between the
actuators and the flexible membrane is proportional to the magnetic field created inside the
coil. The latter is directly proportional to the current in the coil. Consequently, the exerted
force from the actuators depends linearly on the applied current in the deformable mirror.
The distribution and ordering of the actuators underneath the deformable membrane is
presented in Fig. 2(B). The 52 actuators are placed on a ~ 17 mm diameter area with an interactuator spacing close to 2.5 mm. The mirrored surface approximately covers the area given
by the discontinuous blue line, 15 mm diameter. According to the manufacturer, the initial
flatness of the deformable mirror is below 0.1 µm RMS over the entire pupil. The area used
for both testing the deformable mirror and correcting the ocular aberrations is indicated in Fig.
2(B) by a dotted red line. It corresponds to 11.89 mm diameter. This particular diameter was
chosen to allow a circular set of actuators to be out of the region of interest. This enables the
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edge of the projected pupil for better reproducing higher spatial frequencies. Reducing the
control area also decreases the amplitude or stroke of the deformation in the membrane.

(B)

(A)

Fig. 2. (A) Scheme of the Mirao 52. Magnets are fixed under the reflecting deformable
membrane. A corresponding set of coils, creates magnetic fields pushing or pulling the
magnets, depending of the voltages applied to the coils. (B) Distribution of the actuators
underneath the deformable membrane in the magnetic mirror. Dashed line shows the mirrored
area (15 mm diameter), while the dotted circle, corresponding to 11.89 mm diameter, is the
selected area for characterizing the deformable mirror.

The mirror is driven by a 2 level electronic driver: the first one receives the computed
numerical information from the computer, coding the voltage values, and processes them to
analog values. The second stage, meanly composed with 52 amplifiers, amplifies and
addresses the 52 analog voltages to the coils.
2.3. Close loop driving procedure
The control of the loop is accomplished by using a commercially available program (HASO
CSO, Imagine Eyes), which includes all the required drivers to handle the deformable mirror
and the wavefront sensor. The control of the surface of the membrane is accomplished by
sending appropriated voltages to each actuator from the driver. This driver is connected to the
computer, from where the values of the signals are initially sent. The surface to be reproduced
by the membrane has to be translated to a set of voltages. The control procedure in this work
is based in the initial measurement of the influence functions of the mirrored surface. These
correspond to the response of the membrane to the action of every isolated actuator, activated
with a known voltage. The measured surfaces for each actuator are grouped in the so-called
influence functions matrix. Assuming a linear response of the membrane, the control matrix of
the membrane, being the function translating required surfaces to set of voltages, is obtained
by inverting the influence function matrix. Since this matrix is normally neither square nor
regular, meaning that some columns could be linear dependent, regular inversion is usually
not possible. Singular value decomposition (SVD) of the influence functions matrix is a
relatively simple algebraic method proposed and demonstrated for solving these types of
inversions [21,32,36,37]. In addition, the method provides a finite base (whose maximum
dimension equals to the number of independent actuators) of orthogonal functions, or
surfaces, for the infinite set or family of surfaces which can be exactly reproduced by the
membrane. Once the control matrix is calculated, the algorithm to reproduce or correct a given
wavefront is straightforward.
Each loop step can be described as follows: the measured wavefront is compared to the
selected target wavefront. The difference, called residual, is multiplied by the control matrix,
obtaining a set of voltage increments. These increments are added to the previous applied
voltage set. Before summation, the increments are attenuated by a gain factor, preventing
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overshooting of the signal which might cause instability and divergence. Working with
increments prevents divergence due to a wrong wavefront measurement, perhaps produced by
blinking etc. The procedure is repeated continuously, in closed-loop, until the residual is
stabilized to the smallest possible value.
2.4. Achromatizing lens
The system incorporates an achromatizing lens (AL) for the static correction of the
longitudinal chromatic aberration of the human eye. The design and the capabilities of the lens
have been reported in a previous work [38]. The lens is a cost-effective symmetrical triplet
made of two different glasses only, flint-crown-flint, specifically designed for the near
infrared range, from 700 to 900 nm. The design induces virtually no other aberrations but
defocus. It exhibits near zero power at 800 nm, the central wavelength of the spectral range
used in this work. The AL essentially introduces the opposite average value of longitudinal
chromatic aberration typically found in normal eyes [39]. The correction and benefits of the
chromatic aberration by using this AL have been demonstrated by using a Hartmann-Shack
wavefront sensor and a broad bandwidth laser light source [38].
The particular design of the AL requires the use of absolute magnification 1 with respect
to the eye’s entrance pupil. Placing the lens directly in front of the eye is also possible, instead
of in a conjugated plane, although in this case perfect conjugation can not be achieved.
Correct alignment of the lens with the eye’s pupil is critical. The location of the AL in a
conjugated plane also makes this operation easier in practice.
2.5. Experimental procedure
Five subjects between the age of 30 to 40 years (S1-5, average: 34 yrs; standard deviation: 5
yrs), participated in the measurements. Infrared illumination from the mode-locking pulsed
laser is launched into the eye for measuring ocular aberrations. Intensity of the light is always
kept below 40 µW, matching safety standards of maximum laser exposure in more than one
order of magnitude [35]. Measuring rate and closed-loop operation is set to 8 Hz, although
faster operation is in principle possible. Frequency is only limited by the camera readout
velocity and the computer microprocessor capabilities. Pupil is limited to 6.6 mm diameter.
Eyes are artificially dilated with cyclopentolate 0.5 % at the beginning of the runs. Subjects
are fixed to the system by using a bite-bar with their dental impression, mounted in a threedimensional stage allowing for accurate centering.
3. Results
3.1. Influence functions
In order to characterize the capabilities of the mirror, the influence functions matrix is first
obtained in a pupil of 11.89 mm diameter. Theses functions are the responses of the
membrane to a given voltage applied to every actuator. The range of voltage in the device is ±
1 V. The voltage is limited by the driver, preventing the device to be exposed to larger
absolute voltages, which might permanently damage the deformable membrane. The available
software enables different voltages to be sent to the actuators in a controlled manner. Possible
residual aberrations in the system affecting the estimation of the response of the membrane are
avoided by using a reference wavefront, recorded applying zero voltage to the entire set of
electrodes.
Figure 3 shows three aberration maps generated by three different actuators: 31, 40 and
48, from top to bottom. The estimation of the wavefront is performed through the Zernike
polynomials expansion, using the normalization and ordering given by the OSA standard for
ocular aberrations [40], up to the sixth order. The center of actuator 48 does not lie on the
measured area, but its effect is also important since it affects the edge of the pupil, where most
of the aberrations are located in the human eye. The election of this particular set of actuators
covers a diagonal section in the membrane, starting from the center towards the periphery.
This set of actuators is intended to be representative for the study of the response of the
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DM profile (µm)

membrane at different eccentricities. In the left column of Fig. 3, a color-coded, twodimensional representation of the measured wavefront is presented, obtained by applying 0.5
V to each selected actuator. The dotted white line indicates the direction of the plane where
the profile of the wavefront is estimated. The right column depicts, in different colors, the
membrane’s profiles as a function of the aperture of the deformable mirror. They are
measured as a response of voltages 0.25, 0.5, 0.75 and 1 V applied over each actuator. The
axis scales in the 3 plots are identical, to allow direct comparison between the responses. The
amplitude of the deformation in the membrane decreases with the eccentricity of the
considered actuator. The shape of the wavefront is very similar among different applied
voltages, qualitatively showing a linear response of the membrane.
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Fig. 3. Selected influence functions of the deformable membrane. Right column shows the
profiles, obtained by applying different voltages, of the mirror extracted from the diagonal of
the corresponding wavefront maps.

This apparent linearity in the response of the membrane is studied with more detail in Fig.
4. Measured deformation of the membrane, in terms of the peak-valley value, for every
actuator in different colors as a function of the applied voltage is presented in Fig. 4. The solid
points correspond to the obtained deformation, while the dashed lines are the corresponding
least square linear fits performed over every set of data. Figure 4 depicts the whole available
range of possible voltages. The linear fits are enforced to cross the zero value, since the sensor
retrieves a totally plane wavefront in absence of voltage (by using a reference wavefront). The
obtained linear equations are also displayed. In all cases, the square of the linear correlation
coefficient is 0.999, indicating a near perfect linear fit. This characteristic of the device,
allowing the deformation induced by an actuator to be accurately predicted, makes the
deformable mirror suitable for possible open-loop operation, provided that a previous
calibration is accomplished.

#73191 - $15.00 USD

(C) 2006 OSA

Received 19 July 2006; revised 11 September 2006; accepted 19 September 2006

2 October 2006 / Vol. 14, No. 20 / OPTICS EXPRESS 8908

P-V (µm)

25
20
15

y = -23.152 x
R2 = 0.999

Act. 31

y = -18.311 x

Act. 40 R2 = 0.999

10
5

y = -15.334 x

Act. 48 R2 = 0.999

0
-1

-0,5

-5 0

Voltage (V)

0,5

1

-10
-15
-20
-25

Fig. 4. Peak-valley values obtained from some selected influence functions as a function of the
applied voltage. Dashed lines are the corresponding linear fits performed over each set of data.
Estimated linear equations and regression coefficients are also displayed in the graph.

3.2. Zernike polynomials generation
The number of actuators and the physical response of the membrane, in terms of the amplitude
range that can be induced, limit the capability of the device to reproduce different surfaces. In
this context, the orthogonal set of Zernike polynomials is widely utilized to describe
wavefront aberrations. These polynomials, up to the fifth order, were systematically
reproduced by the membrane in order to characterize the range and the quality of their
production.
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Fig. 5. Selected Zernike polynomials generated by the deformable mirror measured by the
Hartmann-Shack wavefront sensor. In all cases, 1 µ m is programmed for the production of the
polynomial. The error, being the difference between the intended coefficient and the measured
RMS, is also presented over each aberration map.

Figure 5 shows color-coded representations of some polynomials generated in closedloop by the membrane, as they are estimated by the Hartmann-Shack wavefront sensor. In all
the examples presented in Fig. 5, the value of the coefficient for the target polynomial is set to
1 µm in a pupil of 11.89 mm diameter. Blue and red color indicates most negative and
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positive values, respectively. The difference of the programmed polynomial and the actually
measured one by the sensor, the error or deviation of the generation, is shown on top of each
plot. The errors are notably small, ranging from 1.8 to 7.6 nm, showing an excellent accuracy
in the generation of these polynomials. In addition, the two-dimensional aberration maps
qualitatively show that there are no other spurious polynomials appearing associated to the
programmed ones. These coupled polynomials are a well known problem typically occurring
with deformable continuous membranes in the generation of surfaces, previously studied in
the case of Zernike polynomials [32]. This effect is refereed to as mode coupling or cross talk.
Mode coupling manifests due to the fact that the base of the deformable membrane, the
minimum set of independent functions that can be exactly reproduced by the flexible surface
is finite, previously discussed in methods. Therefore, the set of Zernike polynomials can never
be perfectly reproduced. In order to establish the actual fidelity of the generation of the
Zernike polynomials, the first 20 terms, covering up to the fifth order, were systematically
induced in the deformable membrane. A first evident limit in the range of production of the
Zernike polynomials is given by the maximum and minimum voltages that can be applied to
the device, ± 1 V.
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Fig. 6. Mode coupling and fidelity of the magnetic deformable mirror in the generation of some
representative Zernike polynomials. Polynomials up to the 5th order are shown in all cases.
Dashed lines correspond to the ideal response.

Figure 6 shows the obtained results for the polynomials previously presented in Fig. 5. The
graphs plot the measured Zernike polynomials up to the fifth order during the generation of
some selected terms, indicated with red color. The ideal response is shown with a black
dashed line. Trefoil, polynomial Z(3,-3) is presented at the top left side. For this particular
polynomial, mode coupling is virtually zero within the range of permitted voltages. Fourth
and fifth order trefoils, Z(4,-4) and Z(5,-5), manifest mode coupling towards the end of the
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range, although the amount is still practically negligible. Right column in Fig. 6 shows third
and fifth order coma aberrations, Z(3,-1) and Z(5,-1), together with spherical aberration, at the
bottom, Z(4,0). The case of Z(3,-1) presents an asymmetric trend, exhibiting a more marked
mode coupling towards negative values. In particular, certain amounts of defocus and
astigmatism, Z(2,0) and Z(2,2), appear in the plot. Nevertheless, the fidelity of the production
of the term, the value of the intended coefficient, still remains near perfect, even in the
vicinity of limits. The range of production of fifth order coma aberration is notably smaller
than in the previous term, appearing a more evident mode coupling in this case. Finally, the
plot for the spherical aberration also shows mode coupling near the borders of the range,
essentially defocus and astigmatism. Similarly to the rest of the presented cases, there is a
range where mode coupling is practically zero and the accuracy of the generated polynomial is
very high.
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Fig. 7. Experimental ranges of Zernike polynomials production up to the 5th order in the
deformable mirror, allowing an error below 5 % in the fidelity of the generation. Dark blue bars
correspond to absolute average values of Zernike polynomials found in keratoconic eyes
(adapted from Guirao et al., 2002) [45].

Therefore, a polynomial can be considered to be correctly generated when the value of
the corresponding coefficient is similar to the programmed one, and the rest of terms, arising
as a consequence of mode coupling, are comparatively small. A possible and straightforward
approach to establish a criterion for well generated Zernike polynomials is the use of the total
root mean square (RMS) of the measured wavefront. Global RMS can be compared with the
value of the intended Zernike polynomial coefficient. In this section, a maximum threshold of
5 % in the difference between the measured RMS and the value of the programmed
coefficient is established. The selected limit of 5 % might appear as too restrictive in certain
practical cases. However, it assures a high fidelity of the generated Zernike polynomial for
characterization purposes. The results obtained with this criterion are presented in Fig. 7,
where the first Zernike polynomials up to the fifth order, excluding piston and tilts, are
depicted in a bars diagram. In the case of pure defocus, given by Z(2,0), the value of the
coefficient in diopters has also been included, calculated for an hypothetical pupil size of 6
mm diameter, a feasible size in the human eye.
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The obtained ranges for the Zernike polynomials can be confronted with those typically
found in the human eye, in order to characterize the performance of the device for visual
applications.
Due to the huge variability among subjects, there is no a simple structure function, as it is
the case in astronomy to describe the effect of atmospheric turbulence over light incident on
the ground-based telescopes, to model normal aberrations of the human eye. Some attempts
trying to describe such a function have been reported in the past, concluding that the eye can
be understood as a statistically homogeneous medium [41]. Several works have measured the
aberrations of normal eyes in large (statistically significant) populations, in order to determine
normal ranges of occurrence [42-44]. The amplitude obtained in the current work in the
Zernike polynomials, including those terms describing defocus and astigmatism, is clearly
superior to the ones found in normal eyes, even in some cases presenting values of more than
one order of magnitude larger. In order to provide some graphic comparison, we have used the
ocular aberrations reported by Guirao and collaborators [45] from some pathologic eyes. The
mean absolute values obtained from eight keratoconic eyes in a pupil of 5.7 mm diameter,
excluding defocus, adapted from the aforementioned work, have been presented in the bars
diagram of Fig. 7 with dark blue color. Keratoconus is a degenerative condition of the cornea,
causing a dramatic change in its shape and thickness. The distortion caused by the reshaped
cornea, typically increasing high order aberrations, can in some cases impair tremendously the
perceived images. Note that in the Fig. 7, the Zernike polynomials of the keratoconic eyes up
to the fifth order are presented, but the scale does not allow to resolve all of them due to their
small value compared to the ones generated by the deformable mirror.
Once the performance of the deformable mirror has been studied, especially regarding the
production of Zernike polynomials, aberration corrections obtained in real eyes will be
presented in the next section.
3.3. Aberration correction in the human eye
In the setup monochromatic aberrations are compensated by the deformable mirror while
ocular longitudinal chromatic aberration is corrected statically by the achromatizing lens.
Left part of Fig. 8 shows the average effect over the chromatic defocus, measured by a
Hartmann-Shack wavefront sensor, of the achromatizing lens in four subjects (subject S3 was
not included in these measurements). The spectral bandwidth is 140 nm centered at 800 nm.
Natural case in the Fig. 8 refers to the chromatic defocus recorded without the achromatizing
lens. Measurements were obtained under cyclopegia and they have already been described
elsewhere [38]. Error bars show the standard deviation. Figure 8 shows an average near
perfect correction (close to the sensitivity of the wavefront sensor) of the longitudinal
chromatic aberration when using the achromatizing lens. Right side of Fig. 8 depicts the
benefit of the correction of the chromatic aberration in absence of monochromatic aberrations,
the hypothetical case with an ideal deformable mirror. The polychromatic point-spread
functions (PSFs) in the case of no chromatic aberration, labeled as perfect, and including the
effects of the chromatic aberration (CA), are also presented for a pupil of 6.6 mm diameter.
The simulation of the defocus in the PSFs is accomplished by using the semi empirical
expression obtained by Fernández and collaborators [39] describing ocular chromatic
aberration in the near infrared. The spectral distribution is assumed to be Gaussian, in order to
emulate the actual spectrum emitted by the light source employed in the experiment (FWHM
140 nm centered at 800 nm). Consequently, the different PSF at different wavelength are
weighted by a Gaussian function, reducing the effective contribution of those wavelengths
located at the tails of the spectrum. For the calculation of the polychromatic PSF is also
necessary to take into account the inherent scaling of the diameter of the PSF as a function of
wavelength. The energy of the intensity distribution has to be normalized in order to make
PSF at different wavelengths comparable before summation. The modulation transfer
functions (MTFs) shown in the right panel are calculated from the estimated PSFs. The red
curve corresponds to the case affected by ocular chromatic aberration. This curve shows a
notable decrease of the optical quality, in both contrast and resolution, as compared to the
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perfect case (in blue color). Note that the red curve establishes the limit for a perfect
aberration correction in the eye under polychromatic illumination. The use of the
achromatizing lens in intended to overcome this limitation, enabling the system to really reach
an optical quality close to the perfect case (blue line in Fig 8).
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Fig. 8. Left panel: average longitudinal chromatic aberration obtained from 4 subjects, using a
Gaussian spectrum 140 nm FWHM centered at 800 nm, with and without the achromatizing
lens (with AL and natural respectively). Right panel: effect of the ocular chromatic aberration
over the modulation transfer function in absence of monochromatic aberrations for a pupil of
6.6 mm diameter. Red color indicates in the plot the case affected by chromatic aberration
(CA). Polychromatic point-spread functions with and without ocular chromatic aberration are
presented.

Aberration corrections accomplished by the magnetic deformable mirror and the AL are
presented and studied in the following.
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Fig. 9. Temporal evolution of the Strehl ratio from 5 different eyes during closed-loop
aberration correction in a pupil of 6.6 mm diameter.

Figure 9 shows the evolution in time of the Strehl ratio during the aberration correction in
every subject, obtained at 8 Hz in a pupil of 6.6 mm diameter. Strehl ratio is calculated as the
ratio between the peak of the actual PSF measured during the correction and the ideal value
obtained in the case of an aberration-free eye with an identical pupil size. Consequently, the
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0.14

S1

P-V = 7.31

value 1 indicates a perfect aberration correction. The first six iterations, corresponding to
0.625 seconds, of the closed-loop aberration correction procedure are shown. Figure 9 exhibits
different trends in the evolution of the correction across subjects. While in subjects S1 and S2
near perfect aberration correction is accomplished in 2 iterations, other subjects exhibit a more
moderate slope, indicating that a higher number of iterations are required to fully correct the
aberrations in these cases. Subjects S1 and S2 achieve full aberration correction in 0.375 and
0.25 s. However, for subjects S3, S4 and S5 the time required for the correction is 0.625, 0.75
and 0.875 s, respectively. The gain of the algorithm for closing the loop is in all cases 0.5. The
velocity of the correction appears as a parameter virtually independent of the initial optical
quality of the eye, which can be estimated from the initial Strehl ratios, first points in the
graph. The eye movements are the main limitation to the increase of the Strehl ratio, due to
the relatively moderate speed of the loop. A good eye fixation quality is mandatory to achieve
perfect correction with the current loop velocity.
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Fig. 10. Left column: initial aberrations and associated polychromatic point-spread functions
obtained from 4 real eyes. Right column: best corrected wavefront achieved for each case
during the first 1.25 seconds of closed-loop aberration correction. Peak-valley and RMS in
microns for every aberration map are displayed at the left and bottom of the maps respectively.
Strehl ratios are also included below every point-spread function.

#73191 - $15.00 USD

(C) 2006 OSA

Received 19 July 2006; revised 11 September 2006; accepted 19 September 2006

2 October 2006 / Vol. 14, No. 20 / OPTICS EXPRESS 8914

The aberration correction is further studied in Fig. 10, where initial aberrations (left
column) and the best corrections (right column) achieved for each subject are presented.
Color-coded aberrations maps, where blue and red colors indicate negative and positive values
respectively, estimated by the wavefront sensor are depicted. In order to provide the scale in
the color-coded maps, the values of the maximum deformation of the wavefront are given in
every case. This is indicated with the peak-valley parameter (P-V, given in microns), at the
left side of the maps. The aberrations are retrieved up to the sixth order using the Zernike
polynomials expansion. The values of the RMS (in microns) are posted under the maps.
The associated polychromatic PSFs, presented at the right side of the maps, are estimated
in the uncorrected case assuming the average chromatic aberration typically found in normal
eye and a Gaussian spectrum centered at 800 nm, in a totally similar manner as it has been
described for the right panel of Fig. 8. In the representation of the PSF, blue color indicates
zero while red corresponds to the maxima of energy for each case. Data from subject S3,
suffering of myopic defocus, are presented in Fig. 11 for a more detailed analysis. The
corrected cases are chosen among the first 1.5 sec of the closed-loop aberration correction, as
the ones exhibiting the largest Strehl ratios. The RMS after aberration correction is notably
low, ranging from 20 to 60 nm, with high Strehl ratios, in all cases above the diffraction limit.
Figure 10 indicates that near perfect monochromatic ocular aberration in different eyes is
accomplished with the magnetic mirror.
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Fig. 11. Aberration correction for subject S3. From left to the right the aberration maps show
the initial aberrations, the initial aberrations without defocus and the corrected case
respectively. The associated polychromatic point-spread functions are displayed below every
aberration map together with the Strehl ratio. The bars diagram shows the Zernike coefficients
in the natural case, in blue color, and after aberration correction, in red.

Subject S3, not included in Fig. 10, presents a notable myopia (4.66 D, measured with the
Hartmann-Shack wavefront sensor) and a rather irregular cornea that introduces high order
aberrations, above normal ranges reported in previous works [42-44]. This particular case is
depicted in Fig. 11. The color-coded aberration maps show, from left to right side, the initial
aberration, the initial aberration excluding defocus, and the residual after correction by the
deformable mirror. The color bars indicate the scales. Note that the initial aberration presents
more than 30 µm peak-valley. Below the aberration maps, the associated polychromatic PSFs
are depicted together with their Strehl ratios. The PSF corresponding to the initial aberration,
because of the large defocus, is only partially shown. The same sampling is applied in the
#73191 - $15.00 USD

(C) 2006 OSA

Received 19 July 2006; revised 11 September 2006; accepted 19 September 2006

2 October 2006 / Vol. 14, No. 20 / OPTICS EXPRESS 8915

Fourier transform for the estimation of the PSF from the wave aberration in all cases. In the
corrected case, a Strehl ratio of 0.7 is achieved, showing a tremendous increase in the optical
quality of the eye as compared to the natural case. The bars diagram explicitly shows the
values of the different aberration terms before and after closed-loop aberration correction up
to the sixth order, in blue and red color respectively. The aberration map corresponding to the
initial case, with no defocus, shows a valley-like structure at the bottom, which might indicate
a developing keratoconus in its early stage, producing a significant increase of high order
aberrations, which can be noticed in the bars diagram. After aberration correction, the
remaining aberrations are small, including those corresponding to high orders (fourth and
fifth, particularly important in this subject).
4. Conclusions
4.1. Full aberration correction
To the best of our knowledge, full aberration correction in the human eye, including both
monochromatic and chromatic aberrations, is demonstrated for the first time. This new
approach has been previously referred to as pancorrection, meaning complete or full
correction, using the Greek prefix pan- [38].
This aberration correction modality might particularly benefit those ophthalmic
techniques using polychromatic light sources, like in the case of optical coherence
tomography (OCT) [46-48]. In OCT, axial resolution is governed by the spectral width of the
light source, while transverse resolution is given by the quality of the spot focused onto the
retina. The use of ultra-broad bandwidth spectral light sources in OCT, known as ultrahigh
resolution (UHR) OCT [49,50], enables up to 2-3 µm axial resolution in the living retina
(using Gaussian-shaped spectra of 130 nm FWHM in the near infrared, similar to the case
studied in the current work). Recently, limits to the performance in OCT when using wide
pupils and broad spectral light sources have been established [51], showing the necessity of
full aberration correction in order to achieve isotropic resolution. The simultaneous correction
of both monochromatic and polychromatic aberrations presented in this manuscript provides
the experimental demonstration of the concept. But the use of full aberration correction is not
limited to the case of OCT. Other ophthalmoscopic modalities, as flood illumination fundus
imaging and scanning laser ophthalmoscopy, could also benefit from the use of broad
bandwidth light sources, reducing the degradation of the retinal images associated with
speckle. Consequently, full aberration correction might also be of interest in those other
techniques.
The simultaneous correction of monochromatic and chromatic aberrations presented in
this work in the near infrared can be accomplished in other spectral ranges, for instance in the
visible. In principle, achromatizing lenses can also be designed to operate in this portion of the
spectrum. In this spectral range, the benefit of the chromatic aberration correction should be
larger as compared with that in the near infrared, due to the larger chromatic aberration
existing in this portion of the spectrum. In this case, and as a possible example of application,
the proposed correction can be devoted to the study of the influence of the aberrations in
vision, permitting the use of white light.
4.2. Magnetic deformable mirror
The studied magnetic deformable mirror exhibits a highly linear behavior with the applied
voltage, contrary to the case found in other deformable mirrors using continuous membranes.
This is a notable different characteristic of the presented correcting device as compared to
deformable mirrors electrostatically driven. In these last mirrors, Poisson equation describing
the force exerted by the actuators over the membrane yields a square dependence with the
voltage applied over the actuators [52]. This is also the situation occurring with piezoelectric
deformable mirrors.
Another characteristic of the magnetic deformable mirror is its ability to accurately
reproduce Zernike polynomials. Although the undesired effect of mode coupling is inherent to
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the fact of working with a limited number of actuators and a continuous membrane, the
presented correcting device shows a notably high performance, probably due to absence of
constrains at the edge of the deformable membrane, and because of the particular elastic
properties of the membrane.
Other correcting devices, as liquid crystal spatial light modulators (LC-SLM) have been
also characterized in the context of ocular applications, studying the fidelity of the generation
of some Zernike polynomials [25]. In particular, in the work of Prieto and collaborators the
fidelity of a LC-SLM is explicitly shown, together with the associated mode coupling for
certain Zernike polynomials. Third order coma and fifth order trefoil can be directly
confronted with those presented in the current work. The range of generation and the fidelity
are comparable in these cases, although the technology is completely different. In the case of
liquid crystal correcting devices the production of aberrations is accomplished by phase
wrapping, using pixels totally independent to each other. Therefore, mode coupling appears as
an effect associated to the finite number of available independent pixels (near to 600000 in the
commented case) to perform the phase wrapping operation.
The ranges of generation of Zernike polynomials makes the magnetic deformable mirror
suitable for ophthalmic applications, being able to fully compensate for the aberrations in
normal populations, even covering pathologic cases where ocular aberrations are dramatically
increased, as it is the situation in the keratoconic eye. The fidelity of the response of the
device allows the use of very high gains in closed-loop, reducing the number of iterations to
accomplish aberration correction.
The temporal response of the deformable mirror during ocular aberration correction
presents some differences among subjects, as it has been depicted in Fig. 9. Initial degree of
aberrations is not correlated with the evolution of the correction; otherwise these are totally
within the amplitude capabilities of the deformable mirror. The differences might arise instead
from the different dynamics of the eye among subjects, or the stability of the subject during
the runs. This could be partially solved by applying different gain factors, experimentally
determined for each particular subject, or even incorporating a time variable gain in the
closed-loop algorithm.
A notable advantage of this mirror as compared with others is the capability to reproduce
large amount of aberrations, including high orders (in this work we have characterized up to
the fifth order). The practical use of the deformable mirror in a rather aberrated eye has been
demonstrated, showing a good performance even in this case (Fig. 11). In addition to high
orders, the magnetic mirror also enables the simultaneous correction of defocus and
astigmatism, routinely performed in other systems with trial lenses or additional piezoelectric
deformable mirror only handling low order aberrations. In this direction, the presented device
might solve the paradoxical situation occurring in some ophthalmic AO systems: despite
sophisticated methods are used to correct high order ocular aberrations, known to be of
relative importance in moderate pupils and normal eyes, defocus and astigmatism are still
corrected by using regular trial lenses.
The limited stroke of deformable mirrors using other existing technologies, in particular
when reproducing high order aberrations, makes AO so far a technology suitable for relatively
good eyes, meaning normal or low aberrated eyes. In this scenario, highly aberrated eyes,
perhaps resulting from pathologic corneas, or simply those affected of large amounts of
defocus or astigmatism, have to be excluded for the use of AO. However, aberrated eyes are
precisely those which should benefit more from AO. In this scenario, the presented magnetic
deformable has been demonstrated to fulfill the requirements for its use in the human eye.
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