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ABSTRACT

The Shack Hartmann wavefront sensor was adapted to measure the aberrations of the human eye in the 1990s. The ability
to rapidly and accurately measure ocular aberrations unleashed a flurry of activity targeting understanding the dynamics
of the eye’s aberrations, as well as the development of a wide array of technologies to correct these aberrations on an
individual basis. This paper describes some of the adaptations necessary to enable the Shack Hartmann sensor to work
with the eye, and illustrates several different form factors and novel techniques that have been used to expand the dynamic
range of the sensor. Furthermore, some of the revelations of population-based studies of ocular aberrations will be
reviewed, including insights into the optical design of the eye. Finally, various means of correcting the measured
aberrations including laser refractive surgery, custom contact lenses and even spectacle lenses will be described to illustrate
current capabilities of ocular wavefront correction and potential pitfalls associated with the various modalities.
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1. INTRODUCTION
In 2005, I had the opportunity to write a historical overview of the development to the Shack-Hartmann wavefront sensor.
To prepare for this manuscript, I set up a couple of lunch meetings with Roland Shack to better understand the early days
of the development and the thought process that went into creating a system for measuring wavefront error. Our lunch of
choice was typically sushi. I had taken aberration theory and advanced aberration theory from Roland in the 1990s as a
graduate student. He was always regarded by the students as an “optics god.” While our professors were experts in their
respective fields, Roland was always held on a higher plane. He definitely had unique insights into many optics problems
and was able to produce creative solutions to problems. At the time of our lunches, I was an early stage faculty member,
and somewhat nervous about revealing my optics naiveté. I found Roland very down to Earth in our discussions and ready
to share his insights and history. These interactions are certainly cherished, as they provide insight into the man and his
willingness to teach and share his knowledge. The manuscript was ultimately published with my colleague Dan Neal,
founder of Wavefront Sciences.[1] This overview of the history of the Shack-Hartmann wavefront sensor is unique because
it outlines the academic development of the technology that ultimately led to modern day astronomical and ophthalmic
applications of the sensor. There was simultaneous effort in the military to develop the technology that parallels the
academic efforts, but lacks the recognition of significant achievements because of the top secret nature of the programs.
Once the military version of became available for public consumption, Dan did an excellent job relaying the stories and
applications associated with this track the Shack-Hartmann sensor development.
In addition to the overview of the development of the Shack-Hartmann sensor, I also had the opportunity to provide a review of the
application of the sensor to the field of ophthalmic optics for the 50th anniversary of the James C. Wyant College of Optical Sciences.[2]
Astronomical applications, where the Shack-Hartmann sensor provides real-time measurement of the turbulent atmospheric distortions
entering a telescope and corrected by adaptive optics systems, are certainly more familiar to optical engineers. However, by sheer
number, there are far more Shack-Hartmann sensors that have been deployed in the ophthalmic community to measure and provide
feedback for the correction of the aberrations of the human eye. The advent and use of the sensor has revolutionized our ability correct
errors and the eye, as well as provide insight into the function and performance of the human eye. Here, some of the key insights
obtained by having a fast and reliable means of measuring the ocular wavefront error are summarized. These insights include the optical
design of the eye, methods for improving visual performance and techniques for looking at the structure and function of the retina.
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2. SHACK HARTMANN SENSOR
There is not much in the academic literature regarding the initial development of the sensor. The earliest report comes from a March,
1971 Optical Sciences Center newsletter describing a Lenticular Hartmann Screen.[3] The cover of the newsletter is shown in Figure
1. Roland is the chap in the upper left of the image. In the description of the sensor, Ben Platt, the graduate student who worked on
developing the lenslet array, and Roland state: “We have recently developed a new testing technique that is a modification of the very
old Hartmann test. Instead of putting over the aperture a screen with holes in it, we use a lenticular array placed in collimated space at
the image of the of the surface or aperture under test. Each lenticular element samples a portion of the aperture and forms a separate
image of the point source along its axis.”

Figure 1. Cover photo from the March, 1971 Optical Sciences Center newsletter.

Figure 2. Glass mold and acrylic to thermoform a cylindrical lenslet array.
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One of the necessary items for the Shack-Hartmann sensor is a lenticular or lenslet array. Lenslet arrays are now readily
available from multiple vendors, but at the time, these arrays were a rarity and prohibitively expensive. Platt and Shack
sought to develop their own cylindrical arrays, with the idea of sandwiching two orthogonal arrays to make a spherical
lenslet array. Further in the newsletter description, they state: “Many attempts were made to produce such an array. The
technique that proved workable was to polish contiguous cylindrical grooves into a glass blank. Each was 0.040 in. wide
and had a 2.5-in. radius of curvature. Cross-cylindrical positive lenses were then made in acrylic by heat compression.”
Figure 2 shows a glass mold and acrylic for fabricating the lenslet array. Platt provides an excellent description of the
mold making process, as well as using his oven, much to his wife’s chagrin, to form the lenslet arrays in acrylic.[4]
Also interesting in the newsletter discussion is the description of the initial application of tracking satellites with groundbased telescopes. In this example, reflected sunlight from the satellite serves as the source for the Shack-Hartmann sensor.
Measurement of the wavefront at the aperture of the ground-based telescope enables quantification of the aberrations
induced by atmospheric turbulence. Further, this knowledge allows image processing to enhance the satellite visualization
by deconvolving the blurred images. Other applications suggested are using a star as the source and assessing the
alignment and figuring of telescope mirrors, as well as aligning segmented mirrors. In the modern astronomical incarnation
of the sensor, the source is the first challenge. There are no satellites providing the source reflection and often a convenient
star is not available with the field of view of the observation region. Astronomers create their own “guide star” by exciting
a sodium layer that lies roughly 60 miles above sea level with a 589 nm laser. The sodium fluoresces, providing the
necessary source for the ground-based wavefront sensor. In the ophthalmic applications, a source is needed on the retina
since the optics of well-corrected eye will nominally collimate the beam emerging from the eye. Narrow beams with
typical wavelengths of 780 nm or 830 nm are shone into the eye and the light is converged down to the retina. The retina
acts as a diffuse reflector, so the scattered light from its surface fills the pupil as it emerges from the eye. A relay system
is then used to image the eye pupil onto the lenslet array for subsequent measurement of the ocular wavefront error. Figure
3 shows the layout of a Shack-Hartmann sensor my group built in 2000.[5]

Figure 3. Layout for an ocular Shack-Hartmann wavefront sensor.[5]

In Figure 3, the lower channel is the illumination channel which forms a spot on the retina. The channel consists of a 780
nm laser diode and a pair of zoom lenses to compensate for the refractive error of the eye. Ultimately, it was found that
the narrow beam from the laser diode had sufficient depth of field that the zoom lenses of the illumination channel were
unnecessary. Near infrared wavelengths are often used in ophthalmic devices for multiple reasons. First, they are readily
available due to their prevalence in the photonics industry. Second, the ocular media is highly transmissible at these
wavelengths, enabling low (and eye-safe) energy levels to be used. Third, the spectral response of the eye is low at these
wavelengths, so the subject is not dazzled as they would be with visible wavelengths. Note, that even though these
wavelengths are beyond the reported photopic response of the eye, there is still often sufficient sensitivity to see a dim red
spot when looking into these devices. This effect is actually advantageous because it enables the subject to properly align
their eye to the beam. The upper channel of Figure 3 shows the imaging channel which consists of an afocal relay that
maps the eye pupil to the surface of the lenslet array. A camera then records the subsequent spot pattern for analysis and
reconstruction of the wavefront error. Figure 4 shows a typical image from the Shack-Hartmann wavefront sensor. One
of the drawbacks of using laser diodes in the early systems was the speckle that occurs in the spots due to the residual
beam coherence. Today, fiber-coupled superluminescent diodes have replaced laser diodes as the source and speckle has
become a non-issue.
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Figure 4. The alignment and spot pattern for an ocular Shack-Hartmann wavefront sensor. Adapted from [5].

3. POPULATION STUDIES
A variety of population studies of the “normal” eye have been performed to better understand its aberration structure.[6][10] The ocular wavefront error is typically represented in terms of Zernike polynomials. The low-order Zernike
polynomials represent defocus and astigmatism, and correspond to the refractive errors that can be fixed with traditional
spectacles and contact lenses. Of more interest are the higher order aberrations associated with the eye. These are the
errors that can only be corrected with custom optics. Figure 5 summarizes the higher order aberrations from the study by
Salmon and van de Pol.[10] For most of the higher order aberrations, the population is distributed about a zero mean. This
means that the aberrations tend to be random in magnitude and orientation in the population, although any given aberration
can be significant in an individual. The notable exception to this effect is spherical aberration 𝑍𝑍40 (𝜌𝜌, 𝜃𝜃). In this case, there
is a general trend in the population for the spherical aberration to be positive, meaning that the marginal rays focus in front
of the retina. The study by Cheng et al.[8] further measured the ocular aberrations with different levels of accommodation.
Remarkably, the spherical aberration tends towards zero for 3D of accommodation (i.e. when the eye is focused at a
distance of 33 cm). This is an extraordinary result because it means that the human visual system tolerates a loss in image
quality when viewing distant objects in exchange for optimal vision when focused up close. The eye is a variable power
system. In traditional optics, zoom lenses are used to achieve variable power through shifting the position of lens groups
while maintaining the location of the image plane. Lens designers seek to create low aberrations across the range of zoom
positions. In the eye, the power change is achieved by modifying the shape of the crystalline lens. This shape change in
turn modifies the asphericity of its surfaces and consequently the spherical aberration of the crystalline lens. The result is
on average a nearly diffraction limited performance for near objects in exchange for some degradation of distant objects.

Figure 5. Summary of higher order Zernike terms from Salmon and van de Pol[10].
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4. CORRECTION MODALITIES
The rapid measurement of the ocular wavefront has enabled a variety of modalities for reducing the higher order
aberrations of the eye. While several different types of wavefront sensors have been developed for the eye, the ShackHartmann sensor is by far the dominant paradigm. The corrective modality with the most commercial success has been
laser refractive surgery. Laser refractive surgery currently uses two main techniques. The most common procedure is Laser
in situ Keratomiluesis (LASIK) where a thin flap is made in the cornea and a 193 nm excimer laser is used to vaporize
tissue internal to the cornea. After the tissue removal, the corneal flap is replaced and the shape of the anterior cornea is
modified due to draping over the treated region. Conventional LASIK regards the anterior cornea as a sphero-cylindrical
shape and targets tissue removal to create a new sphero-cylindrical shape that provides the appropriate defocus and
astigmatism correction. Wavefront-guided LASIK removes tissue in an individualized fashion to further correct the higher
order aberrations of the eye. The other common laser refractive procedure is photorefractive keratectomy (PRK). This
procedure is similar to LASIK, but the tissue removal is from the surface of the cornea and not underneath a flap. LASIK
is typically preferred, since PRK creates more patient discomfort and longer recovery times. PRK may be the only option
in certain cases, especially when the corneas are thin. A limitation to these procedures is the biomechanical response and
healing process of the cornea. The shape of the cornea further changes after surgery and this may undo some of the
aberrations correction.
Customized contact lenses where the appropriate phase pattern to correct for higher order aberrations has been placed into
the anterior surface of the contact have been thoroughly explored. Such lenses were enabled by single point diamond
turning with oscillating tool heads. Typically, diamond turning requires that the part be axially symmetric. The advent of
the oscillating tool head enables non-axially symmetric patterns to carved into the material surface by adjusting the position
of the tool tip within a single rotation of the part. In doing so, the complex and non-symmetric patterns associated with
the wavefront error of an individual can be created in the contact lens. There are further technical challenges associated
with customized contact lenses. The lateral and rotational alignment of the lens to the pupil of the eye is of utmost
importance. Decentration and/or rotational misalignment quickly reduces the aberration correction, or worse yet imparts
new and more deleterious aberrations. Early custom contact lenses were based on soft lens materials. These lenses have
good positional stability on the eye aiding in the lateral positioning of the lens. They tend to move with a blink, but quickly
return to the same position when the lid is reopened. In terms of rotation stability, added features in the form of bumps
and divots in the peripheral (non-optical) portions of the contact lens can aid rotational alignment of the lenses. The concept
here is that these features interact with the lid to drive them to the same rotational orientation following each blink. More
recent custom lenses are based on scleral lens technology. Scleral lenses are extremely large lenses that rest on the white
part of the eye (the sclera). They are made from rigid material and the space between the lens and the cornea fills with
tears to index match out many of the irregularities of the underlying cornea. In this case, the wavefront measurement would
be made through the eye/lens combination to assess the residual aberration. The lens form is then modified to incorporate
these aberrations. Many of the technical challenges have been solved with developing custom contact lenses. These lenses
can provide dramatic visual improvement, especially in eyes with high aberration content.[11]-[13] Custom contact lenses,
however, have not found commercial success primary due to competing with low-cost soft lenses and the two-step process
of fitting and initial lens, measuring the wavefront error, and then returning after the custom lenses have been fabricated.
A final area of impact of the Shack-Hartmann sensor is in the area of cataract surgery. Cataract surgery involves the
removal of the natural crystalline lens and replacing it with an artificial intraocular lens (IOL). The procedure was initially
developed in the late 1940s, but did not become wide spread until the 1970s. Early IOLs were typically plano-convex or
bi-convex with spherical surfaces. The cornea in general has positive spherical aberration. The natural crystalline lens
tends to have negative spherical aberration, partially compensating for the cornea to create the overall ocular spherical
aberration as described in the preceding section. Spherical IOLs, however, necessarily induce additional positive spherical
aberration due to their shape and can only add to the aberration of the cornea. In the early 2000s, IOL manufacturers began
adding an aspheric surface to IOLs to partially or fully compensate for the corneal spherical aberration.[14] Following the
implantation of the IOL, the recipient has no ability to accommodate (although most recipients have already lost the ability
to accommodate due to presbyopia). Therefore, only one level of spherical aberration can be achieved with the cornea/IOL
combination. Different strategies exist in compensating corneal spherical aberration ranging from full cancellation of the
corneal spherical aberration to maximize image quality for distant objects to partial correction of the corneal spherical
aberration to provide some depth of focus to the eye. Fabricating aspheric IOLs were again enabled by advances in single
point diamond turning capabilities, as well as a better understanding of the aberration content of the human eye from the
results of rapid measurement of ocular wavefront error.
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5. DISCUSSION
The Shack-Hartmann sensor is an elegant means of assessing wavefront error. Its design is fairly simple. The main
challenge is incorporating a lenslet array into the system. At the time of development, lenslet arrays were not readily
available and a new technique for fabricating the arrays was developed. The original application of the Shack-Hartmann
sensor was to track satellites from ground-based telescopes at the height of the cold war. The technology has expanded to
many different metrology and wavefront sensing applications, and the interested reader is strongly encouraged to see
references [1] and [2] to get a fuller picture of the history of this device. For this current description, only a few of the
ophthalmic applications and some of the insights gained from knowledge of the ocular wavefront aberrations have been
presented. There are rich and ongoing areas of research that have not been covered that are enabled by the Shack-Hartmann
sensor. These include retinal imaging where feedback from the sensor drive adaptive optics mirrors to compensate for
ocular aberrations in real time. The resulting images enable visualization of the photoreceptors within the living eye, a feat
that is impossible without the adaptive optics correction due to the inherent blurring by the ocular aberrations. Such
visualizations enable, among other things, mapping of the cone mosaic, determination of the distribution of red, green and
blue cones, understanding of morphological changes that occur due to various retinal diseases, and testing of visual
performance at its most fundamental level. The versatility of the Shack-Hartmann sensor is likely to lead to further
applications within the ophthalmic world as new diagnostic devices and surgical techniques are developed.

REFERENCES
[1] Schwiegerling, J. and Neal, D. R., “Historical development of the Shack-Hartmann wavefront sensor,” In: [Robert
Shannon and Roland Shack: Legends in Applied Optics], Eds: Harvey J. E. and Hooker, R. B., SPIE Press,
Bellingham, WA, 132-139 (2005).
[2] Schwiegerling, J., "History of the Shack Hartmann wavefront sensor and its impact in ophthalmic optics," Proc. SPIE
9186, Fifty Years of Optical Sciences at The University of Arizona, 91860U (2014).
[3] Platt, B., Shack, R.V., “Lenticular Hartmann Screen,” Optical Sciences Center Newsletter, University of Arizona,
March, 1971.
[4] Platt, B. C. and Shack, R., “History and principles of Shack-Hartmann wavefront sensing,” J. Refract. Surg. 17, S573S577 (2001).
[5] Straub, J., Schwiegerling, J. and Gupta, A., “Design of a compact Shack-Hartmann aberrometer for real-time
measurement of aberrations in human eyes,” In: [Vision Science and its Applications], Ed: Sawchuk A., Optical
Society of America, Washington, DC (2001).
[6] Porter, J., Guirao, A., Cox, I.G. and Williams D.R., “Monochromatic aberrations of the human eye in a large
population,” J. Opt. Soc. Am. A, 18, 1793–1803 (2001).
[7] Thibos, L.N., Hong, X., Bradley, A., Cheng, X., “Statistical variation of aberration structure and image quality in a
normal population of healthy eyes,” J. Opt. Soc. Am. A, 19, 2329–2348 (2002).
[8] Cheng, H., Barnett, J.K., Vilupuru, A.S., et al., “A population study on changes in wave aberrations with
accommodation,” J. Vis., 4, 272–280 (2004).
[9] Netto, M.V., Ambrósio, R., Shen, T.T., Wilson, S.E., “Wavefront analysis in normal refractive surgery candidates,”
J. Refract. Surg., 21, 332–338 (2005).
[10] Salmon, T.O., van de Pol, C., “Normal-eye Zernike coefficients and root-mean-square wavefront errors,” J. Cataract.
Refract. Surg., 32, 2064–2074 (2006).
[11] Marsack, J.D., Parker, K.E., and Applegate, R.A., “Performance of Wavefront-Guided Soft Lenses in Three
Keratoconus Subjects,” Optom. Vis. Sci. 85, E1172–E1178 (2008).
[12] Shi, Y., Queener, H.M., Marsack, J.D. et al., “Optimizing wavefront-guided corrections for highly aberrated eyes in
the presence of registration uncertainty,” J. Vis., 13, 1–15 (2013).
[13] Hastings, G.D., Applegate, R.A., Nguyen, L.C., Kauffman, M.J., Hemmati, R.T., and Marsack, J.D., “Comparison of
wavefront-guided and best conventional scleral lenses after habituation in eyes with corneal ectasia,” Optom. Vis. Sci.
96, 238–247 (2019).
[14] Holladay, J.T., Piers, P.A., Koranyi, G., van der Mooren, M., Norrby, N.E.S., “A new intraocular lens design to reduce
spherical aberration of pseudophakic eyes,” J. Refract. Surg. 18, 683-691 (2002).

Proc. of SPIE Vol. 11479 1147909-6
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 30 Apr 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

