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Abstract. Sensing and compensating of optical aberrations in closed-loop mode using a single spatial light
modulator (SLM) for ophthalmic applications is demonstrated. Notwithstanding the disadvantages of the
SLM, in certain cases, this multitasking capability of the device makes it advantageous over existing deformable
mirrors (DMs), which are expensive and in general used for aberration compensation alone. A closed-loop adap-
tive optics (AO) system based on a single SLM was built. Beam resizing optics were used to utilize the large
active area of the device and hence make it feasible to generate 137 active subapertures for wavefront sensing.
While correcting Zernike aberrations up to fourth order introduced with the help of a DM (for testing purposes),
diffraction-limited resolution was achieved. It is shown that matched filter and intensity-weighted centroiding
techniques stand out among others. Closed-loop wavefront correction of aberrations in backscattered light
from the eyes of three healthy human subjects was demonstrated after satisfactory results were obtained
using an artificial eye, which was simulated with a short focal length lens and a sheet of white paper as diffuser.
It is shown that the closed-loop AO system based on a single SLM is capable of diffraction-limited correction for
ophthalmic applications. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.19.9.096014]

Keywords: adaptive optics; wavefront sensors; spatial light modulator; ophthalmology; wavefront compensation; aberrations.

Paper 140413R received Jun. 26, 2014; revisedmanuscript received Aug. 19, 2014; accepted for publication Sep. 10, 2014; published
online Sep. 24, 2014.

1 Introduction
The possibility of producing and compensating Zernike aberra-
tion modes has been demonstrated earlier with the help of a
liquid crystal spatial light modulator (SLM) containing 69 hex-
agonal pixels.1 The device, mainly limited by its response time,
was tested for its ability as a wavefront corrector in a closed-loop
adaptive optics (AO) system.2,3 It was identified that the low
spatial resolution of the device makes it incapable of correcting
ocular aberrations,4 while even lower resolution deformable mir-
rors (DMs) perform better.5 As anticipated, the advent of higher
resolution SLMs led to better results and hence was applied to
retinal imaging applications as well.4,6–8 However, these meth-
ods used additional instruments or alternate computational tech-
niques for obtaining the information regarding the aberrations. It
was shown that the SLM can also be used as a wavefront sensing
device by addressing diffractive optical lenses emulating a
Hartmann–Shack (HS) wavefront sensor (WFS).9 By combining
the wavefront sensing and correction capabilities, the use of a
single SLM for open and closed-loop AO has been demonstrated
earlier.10,11 In addition to being cost effective, the AO system
based on a single SLM helps in tuning the WFS parameters of
the digital HS.

The SLM can also be used as a pyramid wavefront sensor
(PWS),12,13 a signal-based WFS,14 or a phase-shifting point dif-
fraction interferometer (PS-PDI).15 The location of the SLM at
the focal plane in PWS and PS-PDI configurations12,15 does not
permit high-resolution wavefront correction with the same SLM
in a single-pass arrangement. The optical design of a signal-
based WFS allows closed-loop operation. However, it is limited

by the slow response time of the SLM, and consequently, even
more time is required for mode-wise wavefront correction.14

Although the SLM has been employed for aberration com-
pensation in open-loop retinal imaging with a separate WFS, it
has not been used for both sensing and correction of aberrations
in ophthalmic applications. This is due to the limitations of the
SLM’s slow response and limited phase modulation depth.
Under these circumstances, it becomes crucial to reduce the
sensing time and adopt efficient wavefront reconstruction meth-
ods. In this paper, we present an improved aberration correction
capability and reduced time. This is achieved by increased
sampling and utilizing the active area of the SLM to its full
capacity. An earlier closed-loop AO system with a single SLM
employed 35 subapertures alone due to beam diameter con-
straints.11 Here, sampling was nearly increased by a factor of
4 by employing beam resizing optics and generating 137 active
subapertures. Although the use of a greater number of subaper-
tures decreases the speed of the closed-loop system, it helps in
significantly improving the accuracy of wavefront sensing, and
hence improves convergence.

Wavefront sensing with the HS involves two important steps.
First, the local “x” and “y” slopes of the wavefront are deter-
mined by estimating the location of the HS spots using centroid-
ing algorithms. Second, the wavefront shape is calculated from
the local slope values using the method of least squares. The
performance of four different centroiding methods was studied
while estimating the location of the HS spots including center of
gravity, weighted center of gravity, intensity weighted centroid-
ing (IWC),16 and matched filter.17,18
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The working of the closed-loop AO system was initially
tested by sensing and correcting Zernike aberrations introduced
by a DM. Next, the closed-loop AO system was demonstrated
on an artificial eye. The correction capability of different Zernike
modes and the number of closed-loop iterations required to
achieve diffraction-limited resolution was determined. Finally,
the closed-loop AO system was tested by correcting the aberra-
tions in backscattered light from the eyes of three healthy human
subjects (authors). The following section describes the experi-
mental setup of the closed-loop AO system based on a single
SLM and the method of wavefront sensing.

2 Method

2.1 Experimental Setup

The phase of the incoming plane wavefront of a collimated
632.8 nm He-Ne laser beam was manipulated with the help
of a 140-actuator MEMS DM from Boston Micromachines™
(Watertown, Massachusetts). The SLM (Holoeye: LC2012,
pixel pitch ¼ 36 μm and pixel fill factor ¼ 58%) placed in the
conjugate plane of the DM was used for wavefront sensing
and aberration compensation. The schematic diagram of the
optical layout is shown in Fig. 1. To utilize the larger active
area of the SLM, the beam size was increased by a factor of
4 using beam resizing optics. The beam exiting the SLM was
divided into two parts using a beam splitter. The transmission
beam was used to conjugate the plane of the DM with a com-
mercial HS WFS. In comparison with the commercial HS,
which had 311 active subapertures, the SLM generated 137 sub-
apertures alone. The beam reflecting off the beam splitter was
directed onto a CCD camera, which was placed in the conjugate
plane of the focal spots generated by addressing digital diffrac-
tive optical lenses on the SLM. It has to be noted that the CCD
camera is not in the conjugate plane of the SLM or the DM.

The DMwas operated in a closed-loop mode and the residual
root-mean-square (RMS) wavefront error is about 40� 20 nm
after calibration. First, different low-order Zernike aberrations
were introduced with the help of the DM. Then, the SLM-
based closed-loop wavefront sensing and correction system
was switched on. The wavefronts sensed after individual
closed-loop wavefront correction were decomposed into
Zernike modes. Second, the performance of the system was
tested using an artificial eye, which consists of an achromatic
lens (focal length: 25 mm) and a rotating white sheet of paper

emulating an artificial retina. The rotation allows minimizing
deteriorations caused by speckles. The performance of the
closed-loop AO system was evaluated based on the estimated
Strehl ratio after individual closed-loop iteration and the RMS
wavefront error (Appendix A).

2.2 Wavefront Sensing

Mainly two different centroiding methods, IWC and matched
filter centroiding (MFC), were implemented.18 To overcome
the effects of noise under conditions of low signal-to-noise ratio,
the weighting could be further increased to the fourth power of
intensity and hence modified IWC to IWC4 (Appendix B). MFC
was implemented by calculating the convolution of the subaper-
ture intensity function with a reference Gaussian function.
Applying parabolic interpolation on the resultant convolution
matrix, the centroid was estimated.18 The corresponding “x” and
“y” slope values are calculated from the ratio of the displace-
ment of the digital HS spots from a reference location and
the focal length of the diffractive optical lenses. Wavefront
reconstruction from the estimated slope values was performed
by using the singular value decomposition technique and the
slope geometry of Southwell.19

3 Results
The DM calibrated along with a commercial HS WFS was used
to introduce defocus, astigmatism, coma, spherical, and secon-
dary astigmatism aberrations. The wavefront sensing of the
introduced Zernike aberrations with the SLM (after one closed-
loop iteration) showed good agreement with the measurements
of the commercial HS as illustrated in Fig. 2. In addition, Fig. 3
shows a comparison of the corresponding measured Zernike
coefficients while detecting Zernike aberrations induced by
the DM. It was observed that in comparison with IWC4 and
MFC, the IWC method underestimated the wavefront error after
a single closed-loop iteration. The superior performance of
IWC4 in comparison with IWC is because of the improved noise
cancellation.

The plots of the estimated Strehl ratio and RMS wavefront
error as a function of closed-loop iterations are shown in Fig. 4.
The RMS wavefront error is obtained from the residual wave-
front error estimated by the SLM-based digital HS after each
iteration. It can be seen that in the case of defocus and astigma-
tism aberrations, five closed-loop operations are enough to
achieve a Strehl ratio beyond 0.8. However, coma, spherical,
and secondary astigmatism needed a few more iterations to
achieve similar performance. The high value of the RMS wave-
front error after the first iteration connotes an underestimation of
the wavefront error. This underestimation is attributed to the
underestimated local slope values and hence centroid estimate.
In addition, SLM diffraction losses also contribute to this under-
estimation, which necessitates a closed-loop operation for reli-
able wavefront correction with the SLM alone.

Simple center of gravity and weighted center of gravity
methods were also implemented. However, because of signifi-
cant underestimation of the wavefront error, closed-loop conver-
gence could not be achieved even after 20 closed-loop iterations.
It was observed that IWC4 and MFC algorithms showed supe-
rior performance out of the tested centroid detection methods
while sensing different Zernike aberrations. However, it has
to be noted that the IWC and IWC4 algorithms are much faster
than the MFC, nearly a factor of 5 in our case. Figure 5 shows a
portion of the background subtracted digital HS spots recorded

Fig. 1 Schematic diagram of the optical layout for implementing a
closed-loop adaptive optics system with the spatial light modulator
(SLM). CS is the collimated light source, and BS1 and BS2 are
the beam splitters. L1−6 are the achromatic lenses, and M1;2 are the
mirrors. FP is the focal plane of the diffractive optical lenses. PP rep-
resents the pupil plane, and CP is the conjugate plane.
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Fig. 2 Comparison of wavefront reconstructions obtained with the digital Hartmann–Shack (HS) and
the commercial HS while sensing five different Zernike aberrations after a single closed-loop operation.
The peak-to-valley of the introduced Zernike aberrations as measured by the commercial HS is 1.74,
1.78, 2.06, 1.89, and 2.38 μm for defocus, astigmatism, coma, spherical, and secondary astigmatism,
respectively. The difference between the HS estimated wavefront and the digital HSmeasured wavefront
(after one closed-loop iteration) for MFC, IWC, and IWC4 methods is also shown here.
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by the CCD camera. For better visualization of the spots, the
contrast of the spots has been enhanced by squaring the intensity
values. It can be observed that the background subtracted HS
spots are less circular in shape making it less relevant to use
a Gaussian reference function in the MFC technique.

Another way to evaluate the performance of the AO system is
by measuring the aberrated PSF after each closed-loop iteration.
The optical configuration shown in Fig. 1 allows measurements
with a commercial HS WFS while correcting the Zernike aber-
rations induced by the DM. The PSF estimated from these
measurements confirmed the closed-loop performance of the
AO system. It has to be noted that the comparison between
the HS and the SLM-based WFS suffer noncommon path errors
and hence tilt aberration terms were excluded in the HS esti-
mated PSF.

In the case of the artificial eye, it is observed that the induced
aberrations are dominated by primary defocus. Along with dif-
fraction losses and centroiding errors, the instability of the spots
caused by the nonplanarity of the artificially generated retinal
plane adds to further errors. For this reason, in comparison
with primary defocus, the closed-loop AO for the artificial

eye required a greater number of iterations for convergence
as shown in Fig. 6. The print-through effects of the DM
were partly eliminated by the background subtraction. While
correcting the aberrations generated by the simulated artificial
eye, the estimated Strehl ratio increased from 0.1 to beyond
0.8 when the IWC4 method was used.

Temporal bandwidth is a crucial component in a closed-loop
AO system and the SLM’s response time plays a key role. For
the SLM used here, the display frequency is 60 Hz. Further
delays are introduced by the image acquisition rate and the
total computing time. It is known that an AO system operating
at a bandwidth beyond 10 Hz would be able to trace all the
meaningful fluctuations in the eye’s aberrations. However,
under a purely corneal approximation, a closed-loop band-
width of 1 to 2 Hz could still achieve diffraction-limited im-
aging over a dilated pupil.20 The estimated closed-loop AO
bandwidth is 1 and 0.2 Hz while using IWC/IWC4 and MFC
methods, respectively. The speed of this closed-loop AO sys-
tem can be improved by using efficient algorithms, faster pro-
cessors and SLMs with quicker response time. In the case of

Fig. 3 Comparison of the corresponding measured Zernike coeffi-
cients while sensing Zernike aberrations induced by the deformable
mirror (DM).

Fig. 4 Propagation of Strehl ratio and root-mean-square (RMS) wavefront error with increasing
closed-loop iterations while correcting Zernike aberrations—defocus, astigmatism, coma, spherical, and
secondary astigmatism induced by a DM. The peak-to-valley of the introduced Zernike aberrations as
measured by the commercial HS is 1.74, 1.78, 2.06, 1.89, and 2.38 μm for defocus, astigmatism, coma,
spherical, and secondary astigmatism, respectively. The error bars represent the standard deviation of
five different measurements under identical conditions.

Fig. 5 A portion of the 137 digital HS spots recorded by the CCD cam-
era: (a) artificial eye and (b) healthy human subject (BV).
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IWC and IWC4, image acquisition consumed 60% of the total
time. Centroid detection took nearly 4% and the estimation of
the wavefront from the local slope values utilized 4% of the
total time. The rest of the time is spent on wavefront correction,
which includes delays from the SLM response.

Strehl ratio and RMS wavefront error were estimated by car-
rying out closed-loop AO measurements while correcting aber-
rations from the eyes of the authors (Fig. 7), which replaced
the DM (Fig. 1). BS2 (see Fig. 1) was replaced with a plane
mirror for efficient use of the backscattered light from the
eyes. For better speed and accuracy, IWC4 was used in the mea-
surements with the eye. The diameter of the collimated beam

incident on the eye was limited to 1 mm, and the beam power
was adjusted in the range 0.5 to 2.2 μW using neutral density
filters for different eyes of the subjects by taking into account the
intensity of the backscattered light. In order to minimize
unwanted head and eye motion, a bite bar was used. Here,
the reference spots were obtained by placing a plane mirror
at the location of the eye. Author Akondi observed a greater
amount of scattering in the left than in the right eye. This
can be attributed to corneal scattering and greater magnitude
of the measured defocus coefficient in the left eye as compared
with the right. The results by AR were significantly affected by
corneal scattering and tear film.

Fig. 6 Propagation of Strehl ratio and RMS wavefront error with increasing closed-loop iterations
while correcting aberrations from an artificial eye. The error bars represent the standard deviation of
10 different measurements under identical conditions.

Fig. 7 Propagation of Strehl ratio and RMS wavefront error with increasing closed-loop iterations while
correcting aberrations from the authors’ eyes. IWC4 method was used for estimating the spot centroids.
The measurements were made over a pupil size of 3 mm. The error bars represent the standard error
from five different measurements under identical conditions.
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It was observed that by increasing the power of the beam
incident on the right eye of VA from 1.0 to 2.2 μW, diffraction-
limited resolution can be achieved with three closed-loop
iterations instead of four; this indicates an improved rate of
closed-loop convergence with increased signal-to-noise ratio.
With an increased pupil diameter, the performance of the pro-
posed AO system dropped as shown in Fig. 8 for the case of
IWC4 for subject VA. As the pupil size increases, the magni-
tude of the aberrations increase and consequently, a greater
number of closed-loop iterations will be necessary to achieve
better wavefront correction. Hence, extending the technique
to larger, dilated pupils will not fundamentally affect the
approach.

4 Discussion
Figures 4 and 6 clearly indicate that IWC4 holds a slight advan-
tage over IWC and MFC because of its noise insensitivity and
greater capability in determining the location of the intensity
peak. By controlling the source intensity, the performance of
IWC, IWC4, and MFC methods was compared while correcting
different Zernike aberrations introduced by the DM. It was
observed in the case of IWC4 that the wavefront correction
after 10 closed-loop iterations, starting from a minimum inten-
sity level and gradually increasing the intensity by a factor of
2 in six steps, did not have an effect on the final Strehl ratio
and RMS wavefront error. This shows the supremacy of IWC4
over a range of intensity levels.

Strehl ratio was estimated while correcting DM-induced
spherical aberrations of different magnitudes. It was noted that
the closed-loop convergence is quicker when the magnitude of
the induced aberration is smaller. While using IWC4 and cor-
recting a DM-induced spherical aberration of 1.78 μm peak-
to-valley, nine closed-loop iterations were required to achieve
a Strehl ratio more than 0.8, whereas spherical aberration
with a peak-to-valley of 0.83 μm needed six iterations.

When the DM was used for the generation of Zernike aber-
rations, reference spots were obtained with the DM generating
a plane wavefront. The subtraction of background, which led
to irregular shapes of the digital HS spots, does not allow choos-
ing an appropriate reference in the case when aberrations were
introduced with the DM. By varying the reference spot size,
a search for the optimal spot size was made. The Strehl ratio
estimated at the end of 10 closed-loop iterations was used as
an evaluation metric. It was found that varying the size of
the reference Gaussian spot about the actual spot size did not

show a significant effect on the performance of the closed-
loop AO system.

The use of zonal wavefront reconstruction helped in retaining
the high-resolution wavefront sensing capability of the 137-sub-
aperture digital HS based on the SLM. In addition, a modal
wavefront correction approach allowed qualitative and quantita-
tive determination of the Zernike modes. Increasing the number
of Zernike modes from four orders to five did not improve the
performance of the closed-loop AO system any further, sug-
gesting that the induced aberrations contained predominantly
four orders of Zernike.

The monochromatic nature of the SLM, its pixelation, polari-
zation dependence, low speeds, and errors due to 2π-phase
wrapping are a few disadvantages of the demonstrated closed-
loop AO system. In addition, the optical design does not allow
placing the DM in the conjugate plane of the camera because the
camera is in the focal plane of the diffractive optical lenses.
This leads to prominent print-through features in the focal spot
images. Background subtraction significantly removed these
adverse effects. In the case of the artificial eye, the rotation of
the white sheet helped in eliminating the speckle pattern that was
present in the static case. It should be noted that this may not be
the case while examining the human eye, which could cause
subject-dependent scattering noise. A time delay of 0.1 s was
deliberately introduced after addressing the SLM with the
correction pattern in every closed-loop. This is to prevent
triggering camera acquisition before the SLM responds to the
addressed wavefront. This further decreased the closed-loop
AO bandwidth.

An occasional increase in the estimated RMSwavefront error
with increasing closed-loop iteration does not necessarily imply
a decrease in Strehl ratio as also observed in the case of MFC for
spherical and astigmatism aberrations (see Fig. 4). The increase
in the RMS wavefront error is attributed to the observed incor-
rect wavefront compensation near the boundary, which has a
less significant effect on the Strehl ratio. Here, MFC was not
tested with human eyes since it utilizes greater computational
time (six closed-loop iterations need 30 s) that makes fixation
difficult.

Future studies will involve high-resolution SLMs with
quicker response and smaller pixel pitch. The use of a longer
wavelength IR radiation will improve aberration measurement
because of its lower scattering. The contamination of spots in
a closed-loop that may occur from wavefront correction in
the region of the SLM overlapping with the diffractive optical
lenses can be avoided by using two separate portions of the same
SLM for wavefront sensing and aberration compensation.11

Taking the advantage of the control on the HS parameters
that the SLM device allows, experiments will be conducted
to optimize the performance of the SLM-based closed-loop
AO system. Further, by introducing smarter control algorithms
and accelerating the centroid detection step, a high-bandwidth
closed-loop AO system will be developed for retinal imaging
applications.

In conclusion, the possibility of sensing and correcting
human eye optical aberrations using a single SLM is demon-
strated by testing the developed closed-loop AO system by
correcting aberrations from a DM, an artificially simulated eye
and three healthy subjects. The SLM-based closed-loop AO sys-
tem showed good promise in correcting the optical aberrations
introduced. Hence, this system could be applied to a range of
applications including retinal imaging and microscopy.

Fig. 8 The performance of the single SLM-based AO system with two
different pupil sizes in terms of (a) Strehl ratio and (b) RMS wavefront
error.
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Appendix A: RMS Wavefront Error
The estimated RMS wavefront error is calculated as follows:

RMSi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X28
j¼3

a2ij

vuut ; (1)

where aij is the Zernike coefficient with index “j” for the wave-
front sensed in the i’th closed-loop iteration. Piston (j ¼ 0) and
tilt (j ¼ 1, 2) aberration terms that do not have an effect on the
shape of the point spread function were excluded.

Appendix B:
Centroid Detection Methods
In the IWC method, the centroid location, ðxc; ycÞ for a given
subaperture is estimated from the intensity distribution in the
subaperture spot using

ðxc; ycÞ ¼
0
@
P

ijI
2
ijXijP

ij
I2ij

;

P
ijI

2
ijYijP

ij
I2ij

1
A; (2)

where Xij and Yij represent the “x” and “y” coordinates for a
given subaperture plane and Iij is the intensity (normalized) dis-
tribution. To overcome the effects of noise under conditions
of low signal-to-noise ratio, the weighting could be further
increased to fourth power of intensity and hence modified
IWC to IWC4 as follows:

ðxc; ycÞ ¼
0
@
P

ijI
4
ijXijP

ij
I4ij

;

P
ijI

4
ijYijP

ij
I4ij

1
A: (3)
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