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ABSTRACT 
A MEMS deformable mirror has recently been employed in the AO system of an adaptive optics scanning laser 

ophthalmoscope (AOSLO). MEMS allows for a more compact, efficient and effective system. The AO system in the 
AOSLO operates with a modal closed loop. Aberrations after AO reduce the wave aberration to less than 0.1 microns 
RMS in most eyes. Results show improved resolution, brightness and contrast. Images of patches of retina show a well 
resolved cone photoreceptor mosaic as they change in size with eccentricities ranging from 0.6 degrees to 4.23 degrees 
from the fovea. 
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1. INTRODUCTION 
 

By correcting for the aberrations that cause blur in the retinal image, adaptive optics technology has allowed 
for direct viewing1 and measurement of the properties of microscopic structure in the living human eye2-7. AO imaging 
offers the opportunity for investigations of structures and processes in the eye that previously were possible only in 
excised retinas from donor eyes, or in animal models. Real-time microscopic imaging in the adaptive optics scanning 
laser ophthalmoscope, or AOSLO8, permits direct visualization of dynamic activity such as microscopic eye movements 
9 and flow of single leukocytes in the smallest retinal capillaries10.   

 
Despite the effectiveness of adaptive optics for correcting the human eye, wide-spread and commercial use of 

AO technology in vision science has been limited because of the lack of effective and economical wavefront correctors. 
The standard technology has remained the discrete-actuator-based deformable mirrors, which are comprised of a 
continuous mirror face sheet fixed to an array of individually addressable actuators. The actuator are usually made from 
a piezoelectric material. From this point we will refer to them as discrete actuator deformable mirrors. These mirrors, 
such as the DMs made by Xinetics Inc. (Devens, MA), perform very well but the costs are prohibitive (about 
$1500/actuator), the size is too large, and the stroke is limited to about 4 microns.  

 
In the near decade since the first demonstration of effective AO retinal imaging1, several alternate correcting 

technologies have been tested but none have matched the ability of the discrete actuator deformable mirror. For 
example, inexpensive membrane mirrors11;12 and bimorph mirrors13;14 have large stroke but are limited in their ability to 
correct sufficiently high-order aberrations for the eye. Segmented transmissive LCD phase modulators have too few 
elements to work effectively for high order aberration correction15;16. Optically addressed LCD-based wavefront 
correctors require phase wrapping to achieve a high enough effective stroke and are thus limited to single wavelength 
imaging17-19. Furthermore, LCD wavefront correctors require polarized light which is problematic for the eye whose 
cornea and retina are known to alter and depolarize the light from the eye20;21.  

 
Micro-electro-mechanical systems (MEMS) are the alternate technology that holds the greatest promise to 

deliver a deformable mirror that meets the specifications required for ophthalmic applications. The needs are well laid 
out by Doble and Miller22 who carefully compute requirements based on two extensive population studies23;24. To 
summarize, correcting the high order aberrations of 95% of typical eyes over a 6 mm pupil using a continuous face-
sheet deformable mirror with a small amount of cross talk between actuators requires about 100 actuators over the pupil 
and about 3-6 microns of stroke (correcting high orders only). It is also important that mirror be able to operate at 
frequencies above 30 Hz because of dynamic changes in aberrations in the eye25. In order to expand the correction to 
include moderate amounts of defocus and astigmatism in the population, the mirrors should ideally have about 10 
microns of stroke or more. Although there are no MEMS mirrors that meet these requirements to date, the field has been 
developing rapidly and such mirrors are expected to be available before 2007.  
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The first use of MEMS for ophthalmic applications was reported by Doble et al who used an early MEMS DM 

from Boston Micromachines Corporation (Watertown, MA) in a flood-illuminated AO retinal camera26. The limited 
stroke of that early device (2 microns) limited their correction to a 4 mm pupil but, over that pupil size, the wavefront 
was flattened to a level equivalent that obtained with a 37 channel discrete actuator deformable mirror from Xinetics 
Inc.  

 
Presently, MEMS mirrors are available with specifications that are comparable with the discrete actuator DMs 

and they are being tested in several laboratories. In this paper we present our initial results from an AOSLO equipped 
with a MEMS deformable mirror.  
 

2. METHODS 

2.1. Scanning Laser Ophthalmoscopy 
 

A scanning laser ophthalmoscope (SLO) operates on identical principles to the scanning laser microscope27-29. 
An image is built over time by recording the scattered light from a focused spot as it scans in a raster pattern across the 
sample. By the law of reversibility the scattered light from the sample follows the reverse direction of the ingoing path 
and hence is ‘descanned’, which means that once the returning light reflects off the scanning mirrors, the beam is 
rendered stationary again. The descanning allows one to place a fixed aperture, called the confocal pinhole, in a retinal-
conjugate position in the return path prior to the detector. The role of the confocal pinhole is to limit the light reaching 
the detector to that coming from the plane of focus, thereby providing high contrast images as well as conferring the 
ability to do optical sectioning of thick, weakly scattering tissue30.  

 
The only difference between a scanning laser microscope and an SLO is that in an SLO the objective lens is 

always the optics of the eye and the sample is always the fundus of the eye. These differences do not fundamentally 
change the operation of the instrument, but they impose serious constraints on imaging performance. First, the 
numerical aperture (NA) is dictated by the available physiological pupil sizes that the eye can offer. With dilating 
agents, pupil sizes in the human eye peaks at about 8 mm, which converts to a maximum possible NA of 0.23. 
Practically, we are limited to about a 6 mm pupil, which has an NA of 0.18. The main constraint, however, is that at 
such large pupil sizes in the human eye, the aberrations of the cornea and lens severely degrade the image31 so the 
benefits of the maximum NA are not realized. The role of adaptive optics in an SLO (or any ophthalmoscope) is to 
correct the ocular aberrations over these large pupils and obtain the best possible images of the eye’s fundus.  

2.2. Specific AOSLO Details 
 

The optical layout of the AOSLO is shown in figure 1. The optical path is comprised of a series of telescopes 
which relay the light from one pupil conjugate to the next. The relationships between the pupil conjugate positions in 
the imaging system are as follows: A 6 mm pupil at the eye projects to 3 mm at the slow scan mirror, 2 mm at the fast 
scan mirror, 4 mm at the DM and 5.33 mm at the lenslet array of the Shack Hartman wavefront sensor as well as at the 
collector lens for the confocal pinhole and detector. Because we reflect off the DM at a rather steep angle of incidence 
(24 degree optical deflection angle) the pupil actually projects as an ellipse onto the DM. Figure 2 shows the relative 
geometry of the pupil, the wavefront sensor lenslets and the DM actuator locations. The Shack Hartman wavefront 
sensor has a 328-micron pitch and 24-mm focal length lenslets. As such, the wavefront over a 6 mm pupil in the eye is 
sampled at 213 locations.  

 
The AOSLO uses an 840 nm broadband low-coherence light source (Broadlighter S840-HP, Superlum, 

Russia), output from a single mode fiber at the source. The low-coherent source is used to reduce interference artifacts 
and speckle in the images32. A frame is constructed by combining the scan mirror location information, in the form of 
an hsync and a vsync signal, with the detected light information, which is measured with a photomultiplier tube 
(Hamamatsu, Japan). The frame grabber digitizes pixels at a 20 Mhz detection rate to generate 8-bit 512 X 512 frames 
at 30 frames per second. The extent of the scanned field can be adjusted continuously from 0.75 X 0.75 to 4 X 4 degrees 
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