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The propagation of light in vacuum and through homogenous media is governed by diffraction as determined by the
wavelength and potential obstacles. In turn, the propagation of light through inhomogeneous media experiences refractive
changes that alter the optical path. These accumulated spatial phase variations (i.e. aberrations) are the result of slow
spatial refractive index variations and scattering by fast spatial refractive index variations. Aberrations impose small
angular deviations in the direction of propagation whereas scattering results in strong angular variations that are highly
sensitive to the size of the scattering objects. Large particles scatter mostly in the forward direction while small particles
scatter more uniformly. Reflection at a boundary, such as a mirror, occurs due to coherent scattering, while refraction
arises from the coherent scattering of wavelets as they enter a medium with a different refractive index. Scattering by
large particles as, for example, water droplets in clouds is described by Mie theory, whereas scattering by subwavelength
particles as, for example, the N, and O, molecules of the atmosphere, results in light distributions that are highly
dependent on both wavelength and polarization. Aberrations do not describe scattering but rather accumulated slow
spatial phase variations that degrade the performance of optical imaging systems. Aberrations can be corrected with
careful optical design or with adaptive optics for real-time compensation of aberrations. In this review contribution, the
basics of wavefront sensing will be reviewed, some types of wavefront sensors will be described, the commonly used
Zernike aberrations will be reviewed, and the operation of common optical active elements to correct for aberrations
in real time with adaptive optics will be described. © Anita Publications. All rights reserved.
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1 Introduction

Wave propagation is governed by Maxwell's equations, which lead to the Helmholtz wave
equation that describes the behaviour of light and electromagnetic waves. The journey to our present-day
understanding of optics, light propagation, wave models, photons, and vision has not been simple. It is the
accumulated efforts of many individuals throughout centuries that have brought us the understanding that
we have today [1]. Hence, it is fitting that year 2025 marks the International Year of Quantum Science and
Technology [2]. This is celebrated to open new pathways for quantum science as well as to mark a century
in quantum physics where optics has been central for many of the early discoveries. The propagation of the
wave function, particle spin, Heisenberg uncertainty, and the understanding of the atom, energy levels and
the LASER are all closely related to optical concepts that have been known for centuries. We use optics
and wave propagation as analogies for advanced physics concepts that can otherwise be hard to visualize.
The phenomenon of Young’s interference fringes is an excellent example in which light and particle duality
can be shown but does require wave propagation for a satisfying understanding. Even for the optics of the
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eye and perception, it is vital to understand wave propagation across the refractive layers of the ocular
medium, before the collapse of the wave function triggered by photon absorption in the visual pigments of
the photoreceptor cones and rods. Bohr expressed this clearly in his statement that “owing to the very limits
imposed by the properties of light, no instrument is imaginable which is more efficient for its purpose than
the eye” [3]. Distributed across the retina, each eye has close to 100 million cone and rod photoreceptors.
These cells trigger vision by photon absorption in their visual pigments packed in their outer segments. The
cells renew their pigments throughout life at an impressive rate. Children are naturally hyperopic at birth,
but the rapid eye growth during the emmetropization process helps bring their vision into focus. Refractive
correction will only be required if this process is disrupted. This can be spectacle lenses or contact lenses
to correct sphere and cylinder to shift images onto the retina, or it can be personalized wavefront correction
with subjective refractive surgery to provide the best possible correction for static aberrations of the eye.

Fig 1. The European Southern Observatory Very Large Telescope ESO VLT at Paranal Observatory, Chile.
Credit: ESO/G. Hiidepohl (atacamaphoto.com).

Wavefront sensor technology has its origin in early 20th century astronomy with the invention of
the Hartmann plate for the alignment of telescopes and optical quality control [4,5]. Real-time correction
of atmospheric aberrations with Adaptive Optics (AO) was proposed later in 1953 by Babcock [6,7]. In
1965, Kogelnik demonstrated that holographic phase conjugation could correct aberrations caused by
an inhomogeneous medium through reverse propagation [8]. Yet, owing to the need for rapid wavefront
computation in the AO feedback loop, it took several decades before AO became a reality in astronomy at
the European Southern Observatory (ESO) in Chile in 1989 [9] and in Hawaii with the Keck observatory
in 1999 [10]. Initially, the systems operated with natural guide stars but were soon replaced by an AO
laser beacon. This can be appreciated in Fig | showing the ESO Very Large Telescope (VLT). Today,
to ensure wide field viewing of the sky, it has been necessary to introduce multiple guide stars. For
example, the ESO Extremely Large Telescope (ELT) that is currently being constructed in Chile with a
39.3 m primary mirror is expected to have 6 guide stars when ready for observations in 2028 [11]. Another
sophisticated telescope in Chile, the Giant Magellan Telescope, will soon be the largest telescope in use
when finalized by 2029. It will include 7 primary mirrors each with a diameter of 8.4 m. In all these
telescopes, AO systems operate on the smaller secondary mirror. Astronomical AO has been essential for
the direct observation of exoplanets [12] and for the capturing of black hole dynamics at the centre of
the Milky Way [13]. Some degree of AO is even present in the space-based Webb telescope on the 18
segments of the primary mirror allowing fine tuning of their individual six degrees of freedom whenever
misalignments are registered. This is vital to maintain excellent optical performance for as long as possible.
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The power of AO in correcting optical aberrations resulted in the development of unique deformable
mirrors (DM’s) that are costly and challenging to operate. For large telescopes, the performance rather than
the price sets the limit. However, DMs at a lower cost began appearing in the late 1990’ies and entered
into the areas of vision science, ophthalmology and microscopy. It is likely that such technologies may also
appear in low-cost telescopes soon provided that the technology is further refined while lowering the cost.

AO for the human eye had already been proposed by Smirnov in 1961 [14]. At the time, the
technology was still not available, but in 1989 Dreher ef al [15] reported on the use of an active mirror for
correction of ocular aberrations in a laser tomographic scanner. In 1997, the first high-resolution AO fundus
images were reported by Liang er al who used a piezo-actuator-mounted DM [16]. Shortly afterwards in
2001, closed-loop AO for improved vision was realized at a speed of 5 Hz with a low-cost DM by Fernandez
et al [17]. An example of wavefront capture, and calculated intensity point spread function (PSF) with
and without AO for the eye of the present author is shown in Fig 2. Clearly, the wavefront is significantly
flattened once the AO-loop has been enabled. To do this in the human eye, an infrared beacon is typically
used for the comfort of the subject and to prevent the pupil from contracting if not dilated.

Wavefront PSF

‘ 1
Before AO ‘ |
-
After AO ‘ I
D

Fig 2. Wavefront (wrapped on 27) acquired for the author’s right eye without and with a low-cost AO system
activated across a 6 mm pupil and the corresponding calculated monochromatic point spread function (PSF).

The AO technology provided proof-of-concept that correction could be used not only for improved
fundus imaging, but also for potential vision applications with correction of aberrations. Equally, it became
clear that it was applicable for real-time vision testing with manipulated amounts and types of aberrations.
For example, it is now being used to test the optical performance of refractive or diffractive ophthalmic
lens designs in recruited test subjects [18,19]. In imaging, it is being used for direct AO visualization of
photoreceptor cones [20-22] and rods in the human retina [23] as well as blood flow and cellular details
[24]. Tt is also being used for the in-vivo imaging of animal retinas including those of rodents and monkeys
[25-27].

With these advances emerged the integration of improved AO with sophisticated optical imaging
systems from fundus cameras (FC) to scanning-light ophthalmoscopes (SLO) and optical coherence
tomography (OCT). Undoubtedly, OCT has had the biggest clinical impact with its sectional imaging
capabilities that allow for accurate visualization of retinal layers and the impact of retinal diseases [28].
OCT evolved from its similarity with the Michelson interferometer in the time domain, to frequency domain
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and swept source OCT that provide high-speed data capture and unprecedented spatial resolution when
combined with AO. Yet, AO retinal imaging systems still suffer from a high cost and technical challenges
for the operator which has the limited number of commercial systems currently available in the market.

Full beam PSF with AO
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Fig 3. AO-SLO with annular beam used to squeeze down the size of the scanning light probe PSF at focus. The
figure has been adapted with permission from [29] © Optical Society of America.

We developed the first annular beam SLO using a Boston Micromachines™ DM in closed-loop
AO and demonstrated a reduction in the central Airy disc of the PSF although this came at the cost of
increased ringing outside of the confocal detector [29]. This system is shown schematically in Fig 3 alongside
the central Airy disc reduction in the PSF with an annular beam. This method was improved with better
AO systems by Sulai and Dubra [30] and recently by Lu ef al [31] where the smaller PSF allowed for
visualization of rods and small retinal structures. AO fundus imaging also added new features by capturing
separately the confocal and the non-confocal (scattering) images on using differentials calculated as the
difference between two images, for improved contrast [32,33]. This approach of so-called “split detection”
has been particularly successful and allowed for improved contrast in retinal images with resemblance to
phase contrast microscopy.

Somewhat related, we developed an AO technique with a refractive shallow pyramid conjugated
to the eye pupil whereby 4 fundus images are simultaneously captured. The system allows to visualize
the retinal cone mosaic but also differences in the pointing direction of the photoreceptors in relation
to their scattering characteristics [34]. An example of this is seen in Fig 4. With further refinement, this
technology may allow earlier detection of dry age-related macular degeneration (AMD) where the pointing
of photoreceptors is altered by the appearance of drusen. These are seen as growing retinal bumps being
10’s to 100’s of microns across that eventually leads to photoreceptor apoptosis resulting in vision loss or
blindness, especially in the foveal region. Currently, this cannot be cured, but technologies are available to
translate images outside of the foveal region mostly affected by the disease and thereby regain some degree
of vision for affected patients.

Another technology that has progressed significantly is liquid-based tuneable lenses that deform
and adjust their optical power in response to an electric current or a movable mechanical element. Such
lenses can be modulated rapidly to produce multiple focal points in quick sequential succession [35] which
is being used for visual simulation of multifocal lenses. We have used it to drive accommodation in young
adults to evaluate the temporal response to defocus stimuli [36]. This study aimed to provide valuable
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insights into myopia, as the mechanisms behind emmetropization (the process that keeps retinal images in
focus during eye growth) are not well understood. Additionally, it remains unclear how the eye identifies the
sign of defocus when encountering visual blur. Our findings suggest that accommodation to a new defocus
blur likely involves a conscious decision, given the approximately 100 ms response time needed when other
accommodative cues have been effectively removed.

Merged and colour-coded differential angular scattering

Down

Fig 4. AO-FP images acquired simultaneously through 4 sectors in the eye pupil and from which the local
preferred scattering direction and pointing can be determined. The figure has been adapted with permission from
[34] © Optical Society of America.
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Fig 5. Accommodation of the young eye (red line) stimulated by step defocus changes induced by a tuneable
lens (black line). The defocus was determined by use of a fast Hartmann Shack wavefront sensor.
Finally, AO systems were introduced into microscopy allowing for real-time correction of aberrations in
biological samples. Defocus and spherical aberrations due to glass slides or coverslips can be corrected with
advanced objective lenses, but fluctuating aberrations when imaging inside of cells and in water require more
sophisticated techniques, at high numerical aperture (NA) and large imaging depth. In fluorescent imaging,
molecules may serve as guide stars themselves where usually a small, but accurate, optical correction
is necessary. Such techniques have been developed and used for improved optical imaging in confocal
microscopy [37], in multiphoton microscopy [38,39], as well as in stimulated emission depletion microscopy
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(STED) and localization microscopy [40-43]. It has also been introduced in widefield microscopy extending
the field of view with excellent optical correction.

AO systems that operate using a guide star assume an individual point source in the image plane.
This is a good approximation in astronomy when using natural stars, or when using guide stars created with
laser beams directed onto the sodium layer in the upper atmosphere at an altitude of approximately 80 —
105 km. At a wavelength of 589 nm, matching the D2a transition of Na atoms, this produces fluorescence
serving as guide star beacon. The technology can also be extended to multi-conjugate AO for wider fields
of view having multiple sensing and correction elements.

In ophthalmology, a small guide star projected onto the retina is feasible using a narrow ~1 mm
beam of light at the pupil of the eye. Yet, the retina is not a single layer but multiple cellular layers spanning
across a thickness of approximately 300 pum. The backscattering from these layers observed in the pupil
plane is used to determine the ocular aberrations. A two-layer model of the retina is a good approximation,
and along with the closed-loop operation of the AO system it can produce a high-quality guide star [44].
For simplicity, a single-layer reflection is commonly assumed, and the error is small.

In microscopy, it is more challenging to generate a suitable small point source due to the high NA.
Thus, major efforts have been dedicated to developing blind AO algorithms that optimize a given image
metric such as, for example, Michelson contrast or signal strength [45]. More recently, these technologies have
been refined with the introduction of deep learning and artificial intelligence (AI). With high computational
power Al approaches are particularly encouraging across all fields of AO applications [43,46-48].

Some of the elements used for wavefront sensing and for optical correction and control of aberrations
in AO systems are reviewed in the next sections.

2 Optical elements used for sensing of aberrations

Early studies with Hartmann plates were very successful in measuring aberrations. Related
techniques have been developed for aberrometry [4] including corneal topography [49.50]. It was recognized
that incorporating lenses into Hartmann technology could provide additional benefits. From this emerged
a more powerful and versatile sensor, i.e., the Hartmann-Shack (or Shack-Hartmann) HS-WFS [51]. The
sensitivity and dynamic range of this sensor is set by the focal length, lenslet pitch, sensor pixel size, and
signal-to-noise ratio of the camera detector. It requires an algorithm for sensing the coordinates of each
PSF produced by the microlens array. Their coordinate deviations from those obtained with a (typically
planar) reference wavefront are determined. It might be tempting to try to focus the light onto single pixels
of the sensor. However, spreading the PSF across adjacent pixels enhances sensitivity, as tiny energy shifts
between pixels enable sub-pixel resolution. Examples of HW-WFS sensors in our laboratory are shown in
Fig 6. The nominal root-mean-square (RMS) sensitivity of the HAS04 sensor is A/100 with 100 pm lenslet
pitch whereas the Thorlabs™ sensor is A/15 with 150 pm lenslet pitch.

The coordinates of the PSF produced by each of the lenslets in the array gives a direct measure
of the local wavefront tilt in the pupil being sampled. This may be expressed by Eq (1) and Eq (2) for the
x- and y-components of the wavefront slope expressed by angles 6, and 6, i.e.,

0,= %" (1)
Ay
0=+ @)

where f'is the focal length of the lenslets, Ax and Ay are the translations of the PSF coordinates with respect
to an unaberrated reference wavefront.
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Fig 6. Examples of HS-WFSs in our laboratory (a) HASO4 Imagine Eyes™ and (b) WFS-150-5C
Thorlabs™,

Other methods are available to determine optical aberrations. Figure 7 shows schematic diagrams
of different common sensors that can be used to measure aberrations of an optical wavefront. These include
the HS-WFS, the pyramid wavefront sensor that uses a refractive pyramid (like the one used in Fig 3) to
produce 4 images that divide the PSF and reimage them as 4 pupil images [52-55]. Another sensor, the
curvature sensor, captures differences in brightness across the wavefront sampled in two (or more) different
planes [56]. Brightness variations in the images reveal aberrations from rays propagating at an oblique angle,
allowing wavefront reconstruction. Finally, interferometric sensors have very high accuracy but are often
challenged by high cost and complications in unwrapping of the interference fringes observed [57].

(a) Hartmann-Shack (HS-WFS) (b) Pyramid sensor (PWS)
CCD (CMOS)
CCD (CMOS)

M|crolensarray Fourier plane Fourier plane

c Curvature sensor (CWS) (d) Interferometric sensor (IWS)
3
i i cop cr09 ®

CCD (CMQS)

Fig 7. Schematic diagrams of different common sensors used to measure optical aberrations including: (a) HS-
WES, (b) pyramid wavefront sensor, (c) curvature sensor, and (d) interferometric sensor.

Like the curvature sensor, differences in brightness between the pupil images of the pyramid
wavefront sensor will be caused by aberrations. The pyramid wavefront sensor is typically time modulated
whereby the PSF is scanned across the pyramid apex in a predetermined pattern. In this way, the signal is
determined by the time-averaged pupil images. We coded the sensor into a digital spatial light modulator
(SLM) that allows for rapid sensor modification and scan pattern coding [55]. An example of this is shown
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in Fig 8 and the sensing in Eq (3) and Eq (4) where uniform circular modulation with radius ¢ by scanning
the pyramid apex with respect to the beam has been included whereby the cartesian derivatives of the
wavefront ¢ can be written as,

¢x é: sin 71' Il 12* 13 + 14} (3)
Aar L+L+L+1,

¢y:§51n EX11+12_I3_I4} (4)
SO L+ L+ L+

where the four intensity images and wavefront derivatives are calculated pixel-by-pixel (x, y) across the
wavefront being sampled [52-55].
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Fig 8. Example of the pyramid wavefront sensor coded into an SLM. In (a) an example of the phase map
generated onto the SLM and in (b) comparison between simulated PWS and the measured wavefront with
a HS-WFS and PWS, respectively. The figure has been adapted with permission from [55] © Optical
Society of America.

A special type of interferometer, the point diffraction interferometer (PDI), has special advantages in
that the reference wavefront is generated by a small aperture on the same wavefront. This technique can be
used to test ophthalmic lenses [58,59] and can also be realized with an SLM to allow for rapid modifications
of its characteristic parameters [60]. Figure 9 shows examples of interferometric images captured with a
shallow refractive axicon for PDI sensing of ophthalmic lenses [59]. Here, the apex of the axicon scatters
a spherical reference wave that interferes with the wavefront being tested which passes through the conical
sides of the axicon.

Often the intensity variations across the wavefront being measured are small. We have utilized
this to create wavefront sensors that convert small wavefront variations, and, therefore, aberrations, into
intensity gradients. The sensors include a waveguide-based wavefront sensor an a near-resonance sensor using
surface plasmon excitation (as a special example of a quasi-resonant sensor). These sensors are described in
greater detail in a separate section of this special issue of Asian Journal of Physics (see the paper “Sensing
wavefront aberrations using intensity gradients”). There, a sequential HS-WFS is also discussed which uses
a single lens, instead of a lenslet array, in combination with a digital micromirror device (DMD) to rapidly
scan across the wavefront of interest by sampling the PSF coordinates sequentially and rapidly over time
[61,62]. This eliminates the risk of potential crosstalk between adjacent cells being sampled (in contrast to
the HS-WFS with lenslet arrays where light barriers are frequently used to prevent possible crosstalk). The
lenslet array is usually rectangular, but hexagonal arrangements are also practical and beneficial as they
better match the typical circular pupil in AO systems.
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Fig 9. Direct comparison of measured and calculated interferograms obtained with an axicon in a PDI for

ophthalmic sphere and cylinder lenses. The figure has been adapted with permission from [59] © Optical
Society of America.
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Fig 10. Simulated example of (a) PSF images with a rectangular lenslet array with an HS-WFS and (b)
magnified view of one PSF and centroid coordinates. The PSF centroid coordinates are indicated by red
arrows and a red dot in the PSF. Note that the intensities are represented on an inverted greyscale to leave
the background as white.

For the HS-WFS, it is vital to determine the slope of the wavefront across each sampled microlens
in an array. This process is shown schematically with more detail in Fig 10. The image of PSF spots is
captured with a charge-coupled-device (CCD) or a complementary-metal-oxide-semiconductor (CMOS).
The coordinates of each PSF are determined relative to those obtained using a planar or spherical reference
wave. For the determination of the coordinates, the peak location of each PSF across the sensor pixels can
be determined. This works well when the PSF is symmetric, but often there will be brightness differences
across each PSF and, therefore, a weighting factor may be necessary for the captured intensities across the
pixels being exposed to light. An intensity threshold is often used to dampen unwanted background pixel
noise. Dim PSF images and ill-defined PSF images, due to poor definition or possible unwanted system
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reflections, can be excluded in the subsequent wavefront analysis. Care must be taken to avoid pixel saturation
in the sensor as this will distort the determination of the centroid coordinates. Thus, a camera with a high
bit depth would typically be preferred for higher accuracy.

With this, the analysis is essentially a refinement of the Ax and Ay used in Eq (1) and Eq (2). The
intensity weighted PSF is determined by adding intensities across each PSF as indicated in Eqs (5) and (6).
This gives the cartesian coordinates (x,, y.) of each PSF. The intensity of each pixel (m, n) in the image is
given by [, ,). The difference between the coordinates affected by aberrations and those unaffected, denoted
as (x,, y.)o represents the obliqueness of the probed wavefront across each lenslet in the array.

_ Zm,n Xmn Im,n

= 5
T Ll ®
Zm,n ym,n Im,n
Ve = Z—I (6)

When the sampled wavefront matches the reference wave, the local obliqueness reduces to zero,
i.e., (Ax, Ay) = (0, 0) for each lenslet and its corresponding PSF in the array. The sampling of the wavefront
across the sensor produces a vector of local wavefront slope coordinates with as many components as 2-times
the PSF’s being sampled (the factor of two is due to the cartesian components of each sampled PSF).

i -

Fig 11. Examples of systems used to control and correct aberrations in our laboratories including (a) MEMS
deformable mirror Boston Micromachines™, (b) induction-based DM Alpao™, (c) induction-based DM
Mirao™, (d) LCOS-SLM Hamamatsu™, (e¢) HoloeyeTM reflective SLM, (f) DMD (for binary amplitude
control) VIALUXTM, and (g) current-driven tuneable lens Optotune™.

The systems used for AO correction of wavefront aberrations will typically correct monochromatic
aberrations. Wavefront tilt is easily corrected with adjustable planar mirrors, sensor or source realignment.
Static defocus and astigmatism can be corrected with spherical and cylindrical corrections. Spherical refraction
can be corrected with movable optics. Defocus is easily corrected with an adjustable Badal telescope system
[63], with a tuneable lens, or with a deformable mirror, and similar approaches are possible as well for
astigmatism. The combination of two elements such as the Alvarez lens or the Lohmann lens [64-67] widens
the options to correct variable amounts of aberrations.

Static higher-order aberrations can be corrected with a phase plate, but for real-time AO correction
it would normally require either a DM or an SLM that can alter the optical path locally with high accuracy



Wavefront sensing and adaptive optics: A Review 319

and speed. This adaptive element is typically placed in the pupil plane of the system, although there are
alternatives to this approach. Some examples of adaptive systems that can be used for wavefront correction
are shown in Fig 11. In turn, chromatic aberrations are usually static and can be corrected by other means,
using for example, careful balancing of refractive indices for achromatic designs. Figure 11 includes an
example of the DMD that does not directly correct the phase, as it is an amplitude-only device. However,
the on/off pixelation of its micromirror array can be used to direct only in-phase components of a wavefront,
or as an aperture that scans the wavefront sampled with a point sensor [61,62]. Additionally, a liquid-filled
lens is presented as an element solely for adjusting defocus. This design offers the benefits of high-speed
operation, low cost, and transmission-based functionality. It should be mentioned that also electrically
addressable optofluidic lenses are available that allow for wavefront control of a transmitted wavefront
[68,69] much like that of reflective SLMs. These can be fast but have limited corrective range.

Two correctors can also be combined, for example one with large dynamic range but low accuracy,
with another adaptive element with higher accuracy but less dynamic range. This is known as woofer-tweeter
AO systems [69,70].

Continuous membrane or segmented
« Stroke (1to 100 um’s)
+ Number of actuators (10’s to 1000’s)
DM membrane « Reflectivity (>90%)
*« Lowwavelength dependence
« Speed (>kHz)
« Piezoelectric
* micro-electromechanical system (MEMS)
+ Induction coils

SLM phase modulator

Discrete phase modulator

* Fillfactor

= * Speed (<60 Hz)

« Transmission (>90%)
Reflectivity (>50%)

« Pixels (up to 1920 x 1200)

« High wavelength dependence

L | * Phaserange (2 or more)
| ” ” ||:|| ” ” ” | + Phase only (amplitude impact)

Fig 12. Schematic comparison of the pros-and-cons of DM’s with SLM’s for phase modulation and AO.
Typically, the DM is a continuous surface whereas the SLM is pixelated, wavelength selective and operates
at a lower speed.

Schematic drawings of common adaptive technologies with their pros-and-cons are summarized
in Fig 12. The DM can either be segmented or consist of a continuous membrane. It will deform
in response to electrostatic forces, or due to its physical coupling with piezoelectric actuators or
electromagnetic induction coils. The mirrors respond fast to required changes. In turn, the SLMs are
slower as they involve liquid crystals. They are sensitive to wavelength through the refractive index
and the optical path whether they operate in transmission or reflection. The highest pixel fill factor is
usually in reflection whereas in transmission the accompanying circuits limit the fill factor. Due to their
periodic structure, they will diffract light. Therefore, it is critical that the phase correction is accurate
to limit light in the Oth order diffraction. Alternatively, they can operate in the 1st order diffraction
aided by the addition of a blazed grating coded into the SLM image. Both the DM and the SLM have
inherent wavefront variations and, therefore, the AO will also actively correct the elements themselves.
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DMs are frequently more costly than SLMs. Thus, in many low-cost applications SLMs are attractive,
whereas for astronomy the DM technology is preferred due to their speed, light efficiency and wavelength
insensitivity. The novel optofluidic electrically addressable lenses [68] (not shown below in Fig 12 deform
the lens surface using electrostatic forces, resulting in deformations much like those of the DM membrane
in Fig 12.

4 Zernike representation of wavefront aberrations

Traditionally, Seidel aberrations have been used to describe optical aberrations as they provide a
clear understanding of the relationship between optical components and ray deviations. Yet, for most modern
applications the representation by Zernike polynomials has major appeal and still can be linked back to the
classical Seidel aberrations when the error is small.

The wavefront in the pupil plane of the system is typically expressed in polar coordinates due to the
circular symmetry of the optical apertures. For monochromatic aberrations the Zernike wavefront notation
is widely used. It expresses the wavefront as follows

QWA (}”, 6) ZZp cp Zp (7)
where ¢, is a scaling constant of the individual Zernike polynomials Z, (with single-index notation) that
in combination represent the entire wavefront. Ideally, this summation is an infinite summation series, but
typically it can be restricted to include the most predominant terms up to and including the highest order
expected. Several different notations have been in use for the ordering of the Zernike polynomials including
the Noll notation [71] and the, now more common, ANSI standard [72]. An excellent review article on their
properties can be found in Ref [73]. In vision science, they were initially used for ocular aberration sensing,
highlighting important aspects of the theory behind the widely used HS-WFS [74.,75].

It is common to describe the Zernike polynomials by the combination of a radial polynomial across
the pupil for a normalized radius » < 1 and with an angular function for 0 < 6 < 2z. This notation results
in the following two equations,

Z)" (r, 0) = R (r)cos(mb) (8)

Z,"(r, 0) = R (r)sin(m8) 9)
where n > m > 0. The Zernike polynomials are normalized across the unit circle and are orthogonal functions
(i.e., orthonormal basis functions). This means that each term is unique and cannot be represented by a
combination of the other terms. if only one term is present in the wavefront it will not add to any of the
other terms. However, once the series in Eq (7) is limited and truncated to include a finite number of terms,
this uniqueness is no longer satisfied in the wavefront reconstruction. Likewise, if the sensor is slightly
displaced off axis, then the sampled wavefront will show as a combination of other terms. Therefore, in
practise, it is challenging to determine a unique wavefront and to compare wavefronts directly between
different techniques. Frequently, other metrics are being used as; for example, the wavefront root-mean-
square (RMS) value which can be expressed through the sum of individual Zernike coefficients.

The Zernike wavefront polynomials are typically divided into low-order aberrations (tilt, defocus,
and astigmatism) that can easily be corrected with lenses, and higher-order aberrations (coma, spherical,
trefoil, etc.) that require more sophisticated corrections whether static or with AO. When expressed with
the single-index ANSI notation the Zernike polynomials Z, are indexed according to

nn+2)+m
=— (10)
2

In this notation, for example defocus is written as Z, and spherical aberration is written as Zi,.

Finally, the Zernike wavefronts can be transformed to non-circular pupils which is of special interest for
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oblique illumination [76], for example, when measuring ocular aberrations in relation to the peripheral
retina which is highly relevant for myopia research [77]. Individual Zernike polynomials scaled to the full
colormap are shown in Fig 13 and ordered with respect to the radial and azimuthal order. Only up to the
4th radial order has been included but commonly also 5th, 6th and even 7th radial order is included in
measurements. In general, any arbitrary wavefront will be expressed by a linear combination of individual
wavefronts using Eq (7) to scale the contribution of the individual Zernike polynomials.
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Fig 13. Graphical representation of the Zernike polynomials as a function of radial and azimuthal order.

From the Fourier transform of the wavefront at the pupil, the corresponding intensity PSF images
can be calculated. These are shown all scaled equally, in Fig 14 (shown with inverted contrast, i.e., dark is
used to represent high intensity).

It is worth noting that even radial Zernike orders correspond to intensity PSFs that have a curved
wavefront at focus away from the geometrical image point. In turn, odd radial orders correspond to intensity
PSFs that have a planar wavefront (except of sign changes) at focus [78]. This is summarized in Fig 15.

The cartesian derivatives of the Zernike polynomials are shown in Fig 16 and Fig 17, respectively.
These relate to the wavefront derivatives, i.e., the wavefront slopes, and the Zernike coefficients, and are
expressed by the matrix A4 containing the cartesian Zernike derivatives (not shown in detail here for simplicity,
but details can be found in the literature such as, for example, Ref [79]). This relationship between wavefront
slopes and Zernike coefficients can be expressed by the following relation:

Deas= A+ ¢ (11)
where b, 1S @ vector with the measurements of the wavefront slopes across the total number N of PSFs

captured on the sensor, i.e., (Ax,Ay)y. The vector of Zernike coefficients ¢, is truncated by the highest radial
order M included in the measurement.
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Fig 15. Zernike polynomials with their normalization scaling factors organized as even and odd radial
orders and indication of wavefront slope (phase gradient) in the PSF. For simplicity, piston and the two
tilt terms have not been included.
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To calculate the vector of measured Zernike coefficients Eq (11) must be inverted. Since A is not
a square matrix this is challenging but the least-square estimate of the wavefront Zernike coefficients c,
can be written as

Coest :[ATA]_IAT bmeas ( 12)

where AT is the transposed matrix of A, and [ATA]™ is the pseudo-inverse of the matrix A. Once this has
been done, the measured wavefront can be calculated directly using Eq (7). Typically, the RMS of the
wavefront is determined and calculated as

RMS =Y, 1c, % (13)
The "peak-to-valley" measurement looks at the highest and lowest points of a wavefront within

the pupil area and compares them to an ideal wavefront. It's basically the largest difference between the
wavefront's highest and lowest values.
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Fig 16. Cartesian x-derivative of the Zernike polynomials needed for the wavefront reconstruction from
local slopes. To avoid confusing it with the Zernike polynomials in Fig 13, only up to and including
spherical aberration was included here. Thus, for the 4th radial order only the Oth azimuthal order is shown.

5 Adaptive Optics correction of aberrations

With AO correction of the wavefront aberrations, it becomes a matter of relating the phase changes
by the corrective device to the deviations detected by the wavefront sensor. Here, the wavefront sensor and
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the corrective device are usually located in conjugate planes (projected with 4f lens telescopes or with 4f
mirror systems). For a DM, an influence function is first determined by scanning across the DM and poking
one actuator at a time. For each of these, a wavefront and a vector of Zernike coefficients is determined. This
is then used to obtain the control matrix of the DM. As there is always some error in such a determination,
it is often desirable to only correct the wavefront partially at each AO loop iteration until the best correction
has been achieved. This provides a temporally stable solution capable of tracking changes, including sudden
disturbances, without significantly offsetting the correction. The same holds true when an SLM is used as
the corrective device, although here it is possible to apply the full correction in a single step.
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Fig 17. Cartesian y-derivative of the Zernike polynomials needed for the wavefront reconstruction from
local slopes. Similar to Fig 16, and to avoid confusing it with the Zernike polynomials in Fig 13, only
up to and including spherical aberration was included here. Thus, for the 4th radial order only the Oth
azimuthal order is shown.
To speed up the correction process in the closed AO loop it is often desirable to avoid the calculation
of the Zernike coefficients and operate directly with the centroid displacements registered by the wavefront
sensor. The closed AO loop configuration is illustrated schematically in Fig 18.

A satisfying AO correction is achieved in accordance with the Maréchal criterion [80] when the
Strehl ratio is larger than 0.8 corresponding to a wavefront distortion of less than A/14. The Strehl ratio is
determined by the intensity ratios of the measured PSF with respect to that of a diffraction-limited PSF, i.e.,

Tyazo
Ty=0lr=0 (14)
Signal-based wavefront sensing that uses a single confocal point-detector and prior knowledge of
the sensitivity to aberrations can be used and replace the wavefront sensor in imaging applications. Figure

19 shows one such example with correction of astigmatism using a combination of an SLM with a DM. A
point detector is used for the signal-based wavefront sensing and the accuracy can be made very high.

Strehl =
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Fig 18. Schematic diagram of closed-loop AO for wavefront correction across a circular pupil.
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Fig 19. Measurements of induced and corrected aberrations using a combination of DM and SLM. The SLM was
used to induce controllable amounts of aberrations (in this case astigmatism) and these were corrected by the DM
using a photodiode for signal optimization instead of direct wavefront sensing. The figure has been adapted with
permission from Ref [45] © European Optical Society.

Recent progress with Al and deep learning has allowed for training of neural networks for wavefront
correction. Although the training process with large datasets is very time consuming, once the training has
been completed (provided that the datasets are of high quality) it facilitates wavefront correction and AO
correction with excellent performance in microscopy, ophthalmology and astronomy [43,46-48,81-83].
Various methods, such as convolutional neural networks (CNNs), recurrent neural networks (RNNs), and
Residual Networks (ResNets), are being explored. Each approach has its own advantages and disadvantages
regarding dataset training requirements, speed, and accuracy.

Finally, AO is also being used in the context of light scattering using similar approaches to Al
and prior knowledge. Here,SLM's are being used iteratively to gradually compensate for scattering effects
to allow imaging or sensing through diffuse scattering media. This process can take many iterations and is
therefore not fast, but it holds promise for applications even beyond those of microscopy and ophthalmology
[84-87].
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6 Ocular aberrations, refractive error, and vision corrections

As discussed in the introduction (Sec 1) wavefront sensing and AO appeared early on for high-
resolution retinal imaging with techniques that ranged from fundus cameras to SLO and OCT. The ocular
aberrations are commonly expressed in the pupil plane using Zernike polynomials (Sec 4). Yet, more than
retinal imaging, people typically know of aberrations and their corrections from visual optics, optometry
and ophthalmology. The development of the first spectacle glasses can be traced back to glass work and
the late 13th century. Even earlier than that, in the early 9th century reading stones made from transparent
hemispheres were being used as magnifiers to help visualize small fonts in religious texts. Both the reading
stones and the spectacles were employed to help vision in the ageing eye affected by presbyopia and limited
near vision. Convex (positive) lenses were also used as a vision aid for hyperopia, i.e., far-sightedness.
Only in the 16th century were concave (negative) lenses being used to treat myopia, i.e., near-sightedness.
Benjamin Franklin invented the bifocal spectacle glasses in the late 18th century to allow provide both good
far and near vision as dependent on the direction of gaze with higher power when looking down. In the
early 19th century a further improvement was made with the invention of trifocal lenses by John Hawkins.
The multifocal lenses are available with different optical zone designs in terms of area and shape for near
and intermediate vision.

(a)

far

intermediate intermediate

Fig 20. Schematic of different spectacle lenses used for the correction of vision including (a) monofocal, (b)
bifocal, (c) varifocal, and (d) waveform-optimized glasses.

Beyond defocus, astigmatism was discovered in the early 19th century by Thomas Young and
cylindrical lenses were then used by George Airy to correct it for the eye [88]. Most importantly, Airy
developed the first spherocylindrical lenses that even today form the basis of most ocular refractive corrections
in terms of sphere and cylinder that relate to the low-order Zernike coefficients AR Z§2and ZEZ. Today’s
spectacle glasses are more sophisticated and include varifocal (i.e. progressive) lenses invented in 1959 to
provide a seamless transition in the central corridor from far to near vision. The downside to this is that
there is a certain time of adaptation required as inevitable the optical correction is a compromise between
the geometrical shapes realizable and thus there is some image distortion when directing the gaze outside
of the central corridor. In the desire to go beyond that, aberrations of the eye can be measured and freeform
lenses correcting also higher-order aberrations are possible with waveform-optimized shapes when looking
straight ahead. However, once the direction of the gaze is outside of the fully optimized zone vision will
be compromised providing a reduction in visual acuity and contract [89]. The different spectacle lenses are
shown schematically in Fig 20.

For all of the corrections it is vital that the glasses are centred at each eye so that their performance
is as close to the desired correction as possible. They should be worn at the right corneal vertex distance
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which is typically in the range of 13 — 17 mm in front of each eye. Prolonged use of low-cost spectacles
without careful consideration of intra-pupilar distance can have a negative impact on the eyes both in terms
of inappropriate optical correction and eye strain but also in terms of being more susceptible to scratches
and inappropriate fitting.

The contact lens dates to early ideas by da Vinci and Descartes, but it was only realized in the late
19th century with a glass scleral lens invented by Fick [90]. Hard contact lenses made of PMMA became
common in the mid-20th century but was followed by soft hydrogel contact lenses in the 1970’ies which
sparked their widespread use [91]. The contact lenses can also be divided into different zones that allow
for good vision at different distances simultancously. Nevertheless, this is clearly a compromise between
the image quality at different distances.

In the mid-20th century also PMMA-based intraocular lenses (IOL’s) were developed and used
in the treatment of cataracts. Modern IOL’s can be divided into zones to provide good vision at various
distances and even accommodative IOL’s have been introduced that offer some degree of accommodation.
To treat presbyopia corneal inlays were invented in the mid-20th century to provide good near vision as a
surgical alternative to wearing refractive corrections. The inlays can provide refractive correction or simply
use a small aperture to enlarge the depth of focus. The latter is related to recent presbyopia-correcting eye
drops that can provide temporary reduction of the pupil size lasting up to a day [92]. An alternative is the
use of monovision correction where the dominant eye is corrected for far vision and the non-dominant
eye for near vision. The two images perceived are merged by the visual system and an extended depth of
focus is perceived that suppresses the undesired blur. Recent developments have focused on developing
smart active lenses that can tuneable adjust to different viewing distances from far to near vision. These
are typically realized with liquid-filled lenses that can change their optical power quickly in response to an
electrical or mechanical signal. The idea is similar to that of autofocus systems used in cameras and can be
driven by a camera sensing the defocus adjustment needed.

Refractive surgery plays an equal vital role in correcting of the ocular aberrations. A variety of
methods are now available including Photo Refractive Keratectomy (PRK) where the corneal epithelium
cellular layer is removed and an excimer laser is used to reshape the cornea and the most common Laser-
Assisted In Situ Keratomileusis (LASIK) that since the 1990’ies has become the most common surgical
treatment option due to fast recovery time and minimal discomfort [93]. It uses either a keratome or a fs-
laser to create a corneal flap that is temporarily flipped to the side to allow for ablation and remodelling of
the cornea to correct even higher-order aberrations. Typically around 15 microns of the corneal stroma is
removed for each dioptre of correction.

When getting spectacle glasses or contact lenses the required subjective refractive correction is
typically determined with a phoropter. This instrument that has been in use the last century uses a range
of lenses and prisms to test vision using Snellen letter charts or images. The tests are performed both
monocularly and binocularly until a satisfactory subjective correction has been determined. More portable
systems that mimic some of the characteristics of the phoropter have been developed while still requiring a
user input. This includes handheld devices using smartphones and virtual-reality environments with pattern
alignment [94] or colour flicker [95]. To make the process even faster, wavefront sensing methods and
autorefractors have been developed that measure the refractive error but they do not match the subjective
methods in accuracy. Yet, they are very valuable tools for initial screening and for testing of children where
an accurate subjective measurement may not be feasible. Accurate wavefront sensing is also central to the
refractive surgery methods to accurately calibrate the correction for the best possible outcome.

In recent years myopia (shortsightedness) has been a particular challenge due to excessive eye
growth in young children during early school years where just 1 mm extra axial length will result in 3
dioptres of defocus. Myopia is known to be caused by changed environmental conditions and lifestyle. It
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is even predicted that close to 50% of the world population will suffer from myopia by 2050 which is very
concerning as some of these will have high myopia where risks of retinal detachment and other retinal
complications become increasingly likely [96]. It is known that time spent outdoors is vital to reduce the
risk of myopia onset and it is recommended that children spent at least 2 hours outdoors daily [97]. There
are many potential reasons for this to be the case, including the release of dopamine in bright environments
and changed dioptric demands. This author has also suggested that the smaller pupil size outdoors may play
a crucial role as it appears to be matched to the angular acceptance range of the photoreceptors themselves
that also continue to change into school years [98]. An indoor pupil is larger, and therefore there is a larger
risk that light rays will not travel the full length of each photoreceptor outer segment before possibly leaking
out resulting in lower photon capture. Exactly which mechanisms that trigger eye growth remain poorly
understood and may involve a combination of factors [99] from the chromatic blur of the eye where blue
light focuses in front of the retina but red light focuses behind the retina, the spectral and spatial frequencies,
blurred peripheral vision related to hyperopic defocus that pushes the image formation backwards and beyond
the retina, and as mentioned the pupil size itself [98].

A number of treatment options are available to try to slow excessive eye growth in children and
include low-concentration atropine drops, light treatments from UV (to focus light in front of the retina)
and red light (dopamine release as well as reduced pupil size), and a wide variety of myopia control lenses.

Orthokeratology (Ortho-K) lenses are hard contact lenses worn at night to flatten the central cornea
and thereby reduce the focusing power of the eye [100]. They are quite effective in doing this and the effect
can last for a full day. Under-correction of myopia has also been used to limit axial growth but has proven
less effective.

Fig 21. Example of an ocular raytracing model of the human eye using parameters that allow for evaluation
of optical performance of refractive corrections. This particular model is based on a model that allows for
evaluation of the myopic eye using data from Atchison [104].

Soft multifocal contact lenses have proven effective by creating myopia defocus in the peripheral
retina and spectacle glasses that have a large clear central zone in the range of 5 — 9 mm and either diffusers
[101] or add-power in lenslets [102] or zones [ 103] arranged around the central part of each lens. The latter
types of lenses add additional focusing power in the peripheral retina with the aim of removing undesired
hyperopic defocus in the peripheral retina. These lenses have proven effective in reducing unwanted axial
elongation by more than 50% although it remains an open question if even higher efficacy can be achieved.

In any of the refractive designs for the human eye it is vital to have a good optical model of the
eye. An example of such an eye model is shown in Fig 21 using COMSOL™ raytracing. With the model
established using accurate ocular data, parts can be altered to test refractive corrections, IOL performance,
etc. prior to any clinical assessment and validation. The ocular model in combination with the lenses or
refractive corrections gives the designer the optimal tools to tune parameters to accurately predict the image
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performance, modulation-transfer characteristics and thereby evaluate the expected improvements to vision.
This is equally crucial in the novel myopia control lenses to minimize undesired effects that may cause
problems or visual disturbances for the user.

7 Conclusions

We have witnessed AO evolving significantly over approximately 3 decades since its early first
use in astronomy [9]. Initially, it was limited by computational power and available corrective elements
as well as cost. These factors have all improved vastly and now even low-cost AO can perform well in
ophthalmology and microscopy. AO astronomy has provided outstanding results in the search for exo-planets
and AO in ophthalmology has enabled the tracking of individual cells and structures in the human retina
whereby earlier detection of disease progression has become feasible to facilitate improved treatments.

The latest progress with Al is very encouraging and has opened a new way for optical optimization
to approach diffraction-limited performance that is likely going to be vital in improved healthcare within
the next decade [105,106]. It potentially overcomes the limitations of the guide star, or guide stars, that is
used to optimize most standard AO systems.

Still, the outcome of such progress will have to be compared to what becomes achievable with
new low-cost sensing and correction technologies for a more widespread use for example in augmented
reality and vision. Such technologies may ultimately be implemented for see-through displays for vision-
impaired patients [107] and in advanced eye tracking where accuracy is vital to understand the optical role
of saccades and involuntary eye motion to our visual perception [108,109].
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