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ABSTRACT 

 

 

In the recent years, light modulation has been achieved by an array of binary-positioning 

micromirrors, namely Digital Micromirror Devices (DMD), which have gained popularity 

in vision science, such as in retinal imaging, psychophysical vision testing or coded 

wavefront sensing. In this thesis, a DMD is used to measure two aspects of vision 

characterization: a) retinal directionality through the Stiles-Crawford effect of the first kind 

(SCE-I) and b) crosstalk-free wavefront sensing for large ocular aberrations. 

For the first part of this work, a DMD is used as a key component in a uniaxial flicker 

system to characterize the SCE-I in Maxwellian view, capable of controlling pupil 

aperture size and location, as well as field intensity by adjusting the duty cycle of the 

micromirrors. The SCE-I is tested under different conditions including foveal and 

parafoveal retinal locations, different luminance levels ranging from scotopic to photopic 

conditions, wavelength dependence through the visible spectrum and into the near 

infrared, as well as differences for myopic subjects. The SCE-I is also characterized in 

normal viewing conditions (Newtonian view) by scanning of the pupil with small 

apertures, where the influence of the SCE-I on visual acuity is analysed. Furthermore, a 

method to directly measure the integrated SCE-I is described and analysed using a 

geometrical optics absorption model based on volumetric overlap of incident light with 

photoreceptor outer segments, without accounting for photoreceptor waveguiding. 

In the second part, a wavefront sensing system using a digital micromirror device is 

implemented to achieve a wavefront sensor with high dynamic range and speed, without 

the use of a lenslet array which, in turn, avoids crosstalk. By sequential scanning of the 

wavefront, very high sampling densities can be achieved when compromising speed. 

The system is tested by measuring aberrations in an artificial eye and extended to the 

human eye. 

 

Keywords: Digital micromirror device, Stiles-Crawford effect, Photoreceptors, Retinal 

directionality, Wavefront sensor, Aberrations, Myopia. 
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1. INTRODUCTION 

 

1.1.  TH E  EY E  AN D  RE TI N A L  PH O TO R EC EPT O R S  

The human eye is known to be one of the most complex organs in our body reacting to light 

and in charge of our visual system. A schematic of the eye with its main components can 

be observed in Figure 1-1. Light entering the eye, will first encounter the anterior segment 

including the cornea, iris and crystalline lens, before reaching the posterior segment 

composed of the vitreous humour, retina, choroid and sclera [1]. The cornea and crystalline 

lens provide most of the optical power to focus the light entering the eye, that is limited by 

the pupil, on to the retina. When looking straight on, our visual acuity is maximized, and the 

light is focused onto a small area called the ‘macula’ which surrounds the area of maximum 

visual acuity due to the highest density of light capturing cells. 

 

Figure 1-1: Schematic of the human eye highlighting its main components. 

 

The retina is a thin transparent structure ranging in thickness between 0.15mm at the 

foveal pit and 0.40mm at the fovea rim which rapidly thins towards the equator [1] and it is 

divided into several layers. Vertebrate retinas contain three layers of nerve cell bodies 

(Ganglion layer, inner and outer nuclear layers) and two layers of synapses (inner and outer 
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plexiform layers). A schematic of the retinal structure indicating the different layers can be 

seen in Figure 1-2. 

 

Figure 1-2: Schematic of the organization of the cellular layers of the 

human retina [1]. 

 

The outer nuclear layer is responsible for light perception, enabling vision, and is formed 

by photoreceptor cells that convert absorbed light into neural signals of information via a 

phototransduction process. The neural signal collected is then transmitted to the inner 

nuclear layer which contains interneuron cells such as bipolar cells, that connect one or 

more photoreceptors to ganglion cells; horizontal and amacrine cells, through which visual 

signals are transmitted and modified for visual processing; and Müller cells, which is the 

main type of glial cell in the retina and plays a crucial role in maintaining the local 

environment allowing the visual process to be carried out correctly. Finally, the ganglion 

cells located in the ganglion cell layer transmit the visual information to the brain via de 

optic nerve [2]. Other than photoreceptors, intrinsically photosensitive retinal ganglion cells 

are the only other photosensitive cells in the retina, but activate over a longer exposure to 

light and play a primarily roll in the circadian rhythms providing day and night length 

information, as well as contributing to the regulation of the pupil size in ambient light [3]. 

As the main sensors of the visual system, photoreceptor cells are classified into rods 

and cones. 

• Rods: These are the most numerous photoreceptors, reaching around 100 

million [2], and are highly sensitive to light. They are dominant in low light 

conditions, namely, scotopic vision. 
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• Cones: There are approximately 6 million cones in the retina of each eye, 

mostly concentrated in the macula, and are dominant for photopic conditions, 

where sufficient light is available. These photoreceptors are sensitive to colour, 

unlike rods. There are 3 types of cones which are sensitive to short (S-cones), 

medium (M-cones), and long (L-cones) wavelengths, respectively with 

maximum absorption peaks at approximately 420nm, 530nm and 560nm. 

The photoreceptors can also be divided into three main parts [4], as can be observed in 

Figure 1-3 [5]: 

 

Figure 1-3: Schematic of human retinal photoreceptors, assuming light 

enters from below [5]. 

 

• Outer segment (OS): contains visual pigment composed of light-catching 

chromophore and a protein, whose concentration defines the spectral range that 

it is sensitivite to. In the case of rods, a formation resembling a stack of 

independent discs, while for cones, infoldings of the surface membrane are 

formed. This section of the photoreceptors is continuously renewed, and 

includes all elements involved in the conversion of light to neural signals. 

• Inner segment (IS): Contains necessary components for the metabolism of each 

cell. Visual pigment is synthesized in this section and moved towards the outer 

segment. According to the waveguiding model of light propagation within 

photoreceptors, the IS core is believed to be dense in comparison to its 
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surroundings, which allows light to be tunnelled to the outer segment [6], 

although refractive indices have not been accurately measured for the living eye. 

• Synaptic terminal: Section in charge of the neurotransmission to second-order 

neurons, such as bipolar and horizontal cells. 

The photoreceptors are located at the furthest layer from the eye’s pupil, and therefore, 

light must pass through all other cell layers and most of the length of the photoreceptors 

themselves in order to be captured in the outer segment [4]. Photoreceptors are known to 

be pointed towards a common location near the centre of the pupil, most likely coinciding 

with the exit pupil of the eye, which occurs as early as foetal stages and has also been 

recorded in a number of vertebrate species [7]. Furthermore, photoreceptors have been 

seen to redirect their orientation towards a new pupil location in approximately 10 days after 

eye patching or cataract surgery in order to maximize light capture [8,9]. There are many 

more types of photoreceptors in the animal kingdom, such as chickens with a 4th type of 

photoreceptor with a peak absorbance in the ultraviolet (UV) spectrum between 370 and 

390nm [10] or the Mantis shrimp with 12 different photoreceptor types absorbing between 

300 to 720nm [11]. Although vertebrate photoreceptors are isotropic, some animals can 

present anisotropic properties, which are sensitive to light polarization [12] such as 

rhabdomeric photoreceptors found in fly or crab eyes, that are both birefringent (their 

refractive index changes with polarization) and dichroic (their absorption depends on 

polarization), which they use as a self-defence mechanism against potential threats [13]. 

In the human retina the density of visual pigments is not high. Typical foveal values from 

the literature are 0.3 for M- and L- cones [14] but only about 0.1 for the S-cones [15] that 

are entirely absent or rare in the central 25’ fovea [16]. Pigment densities reduce with 

eccentricity [17] and show some age dependence [18]. Within the retina, the macula is 

located near the centre, about 5° temporal from the optic axis, of about 5.5mm in diameter. 

This area is divided into three concentric circles depending on the rod-to-cone ratio and the 

thickness of the ganglion cell layer, which receives the visual information from the 

photoreceptors and act as mediators between them and the optic nerve. As can be 

observed in Figure 1-4, the distinct sections of the macula are [2]: 

• Perifovea: This area is the outermost ring of the macula and limits with the 

peripheral retinal. It has a high rod-cone ratio (between 33 and 130 rods to 1 

cone) compared to the periphery, and the ganglion cell layer is more than one 

cell thick. 

• Parafovea: This section has a reduced rod-cone ratio (4:1) and has the highest 

density of ganglion cells. This area is used for reading at up to 5o of visual angle, 
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allowing a preview of the following word after the fixation point processed by the 

fovea. 

• Fovea: It is located at the centre of the macula and perceives the highest visual 

acuity. It contains a depression area called the foveola, which is about 350μm 

in diameter and only populated by densely packed cone photoreceptors 

(160,000 −  200,000/𝑚𝑚2) [19] which for a hexagonal packing corresponds to 

a centre-to-centre spacing 𝑑𝑠𝑝𝑎𝑐𝑖𝑛𝑔 in the range 2.4 –  2.7𝜇𝑚.  The M- and L- 

foveal cones have an outer segment length 𝐿𝑜𝑢𝑡𝑒𝑟 in the range of 50 –  60𝜇𝑚 

whereas S-cone OS are slightly shorter. The foveal outer segment diameter 

𝑑𝑜𝑢𝑡𝑒𝑟 is in the range 1.5 –  2.0𝜇𝑚. 

If a vertical line divided the macula and its sections into two parts, the one located 

nearest to the subject’s nose, is known as the nasal side, while its opponent is considered 

to be the temporal side of the retina. 

 

 

Figure 1-4: Representation of the macula, divided into its different sections by 

name, diameter and visual degrees. 

 

The area of highest visual acuity changes for different animals, which can present an 

elongated region known as visual streak, either horizontal, for vertebrates whose visual field 

is dominated by the horizon, such as in rabbits or turtles, or vertical, which is less common 

but can be found in animals where the vertical perception is predominant, such is the case 

of the sloth to observe trees and branches [20]. Another common case of some birds is to 

have two circular areas of high photoreceptor densities called area centralis, one in the 
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temporal retina that acts in binocular vision, and one in the nasal retina involved in 

monocular vision, as is the case of chickens [21]. 

1.2.  MY O P IA  

The human eye is known to be a powerful and versatile optical system, but as any other, it 

is not exempt from irregularities or anomalies that can affect our eyesight. For normal vision 

or emmetropic vision, light enters the eye through the pupil and is focused by the crystalline 

lens on the retina (Figure 1-5.a). However, it can occur that the image in focus falls behind 

the retina, known as far-sightedness or hyperopia, or before the retina, known as near-

sightedness or myopia (Figure 1-5.b). Both cases cause the image to be out of focus on 

the retina and, therefore, is seen blurred. When born, the human eye is approximately 70% 

of its adult size and the growing period is carried out during childhood. An insufficient growth 

of the eyeball can cause hyperopia, while an extensive growth can cause myopia, which 

can be corrected with a positive or negative lens (Figure 1-5.c) respectively. When the 

power of this lens is between 0 and -3 dioptres (D) subjects are considered to be ‘low 

myopes’, between -3 and -6D, ‘medium myopes’, and ‘high myopes’ for powers beyond -

6D. People with high myopia have a higher risk of suffering from eye diseases such as 

retinal detachment, thinning of certain areas, glaucoma, etc.  

 

Figure 1-5: Schematic of light interaction in the human eye for a) an 

emmetropic eye, b) a myopic eye and c) a corrected myopic eye with a 

negative lens. 
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Since the 1970s, animal models have extensively been used in myopia 

research [22,23]. Albeit others, 3 types of animals have commonly stood out: chickens [24], 

as their rapid growth allows to induce myopia by deprivation in one eye and use the other 

for control purposes; tree shrews [25], as small mammals closely related to primates; and 

monkeys [26], due to their eye structure similarities to the human eye. In all cases the 

development of myopia occurs in a similar fashion to that of the human eye, who are born 

hyperopic and progress with growth towards emmetropia.   

Myopia has seen a steep rise worldwide in the past 50 years, with a much larger impact 

in east Asian countries reaching up to 90% of Chinese teenagers and young adults, or 

96.5% of 19-year-old men in Seoul [27].  This visual impediment is currently affecting 20% 

of the world population and threatening to rise to 50% by 2050 [28]. Due to the rapid 

increase of this visual deficiency, an Innovative Training Network (ITN) was set up entitled 

“Myopia: Fundamental Understanding Needed (MyFUN)”, funded by the European 

Commission Horizon 2020. Taking part in it are 5 European academic partners, EKUT 

(Tübingen, Germany), KTH (Stockholm, Sweden), UM (Murcia, Spain), CSIC (Madrid, 

Spain) and UCD (Dublin, Ireland), and 2 private sector partners, Carl Zeiss Vision (Aalen, 

Germany) and Voptica (Murcia, Spain). This ITN provides an international and 

interdisciplinary programme divided into 14 early stage research projects of which my PhD 

project is part. 

1.3.  TH E  ST I L ES -CR A WF O R D  EFFE C T  

The Stiles-Crawford effect (SCE), was first reported in 1933 by Walter Stanley Stiles and 

Brian Hewson Crawford while pursuing to build a device that would measure the area of 

the eye pupil [29]. They assumed that all parts of the pupil contributed equally to visual 

perception but soon discovered that their device to measure the pupil did not work as 

hypothesized due to inconsistencies of this assumption. They found that light entering the 

centre of the pupil had a larger contribution to vision than that entering at more eccentric 

locations. Thus, the SCE is used to describe a reduced visibility of light being obliquely 

incident on the retina associated to the light interaction with cone photoreceptors [30]. This 

effect is more prominent as the stimulus enters closer to the pupil edge, diminishing the 

visual sensitivity to approximately a quarter of its maximum value when the pupil is large. 

There are four common variations of the SCE characterization: The Stiles-Crawford 

effect of the first kind (SCE-I), relating to a psychophysical decrease in brightness with 

oblique incidence; the Stiles-Crawford effect of the second kind (SCE-II), in relation to a 

subjective hue shift with obliquely incident light; the Optical Stiles-Crawford effect (OSCE) 
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where the brightness reduction with oblique incidence of light is measured objectively by 

light backscattered from the retina [31]; and the Transient Stiles-Crawford effect (TSCE), 

which refers to the visual impact of sudden changes to the illumination conditions when 

determining the SCE-I [32]. The three first types, and most typically analysed, and are here 

explained further. However, only the SCE-I is studied throughout this thesis. 

1.3.1.  TH E  S T I L E S -C R A W F O R D  EF F E C T  O F  T H E  F I R S T  K I N D  

The Stiles-Crawford effect of the first kind (SCE-I), describes a decrease in brightness 

which is observed when a beam of light enters the eye further away from the pupil centre 

and therefore, reaches the retina at larger angles. 

The SCE-I is typically evaluated in Maxwellian view [33], where a light field is in focus 

at the pupil plane and expanded onto the retina by the optics in the eye. This type of 

illumination ensures maximum light entering the eye while achieving uniform illumination 

on the retina with little or no impact of aberrations. It is also performed in photopic luminance 

conditions, where cone-photoreceptors are responsible for the visual sensation, since in 

scotopic conditions rods are responsible for vision and the SCE-I is almost inexistent. To 

characterize this effect, a subjective comparison is performed between a reference field 

entering near the pupil centre, where visibility is maximized, and a test field, which scans 

the pupil horizontally, vertically, or at an angle. This process tends to be tedious and 

requires not only accurate alignment and system calibration, but also significant 

collaboration by the subject to minimize errors. Therefore, the number of subjects analysed 

in studies of the SCE-I are mostly limited.  There are two common systems that have been 

used to measure this effect:  

• Bipartite field system, in which a dual-path setup is used to visualize the reference 

and test fields side-by-side [34,35]. In this system, the shifting of the test field is achieved 

by rotating a beam splitter or half-mirror in the Fourier plane of the eye pupil.  

• Flicker field system, where one field and the other are alternated at a given 

frequency. This can be performed by a large adaptation field superimposed by a small 

flashing spot [36,37], or by two alternating, identically sized fields [29,38]. The latter case 

allows the system to be uniaxial, and therefore, eliminates unwanted displacements and 

spectral errors arising between the two paths of the previous system [39]. 

Objective measurement of the ‘physiological’ SCE-I have also been performed in 

macaque monkeys using focal macular electroretinograms (FMERGs) [40,41], which can 

assess function from different layers of localized areas of the macula [42]. Results reported 

were similar to those obtained psychophysically in humans, albeit a slightly reduced effect. 
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For foveal vision, the point of maximum visibility is located near the pupil centre, 

coinciding with the common pointing direction of the retinal cone photoreceptors. In the 

case of a myopic eye, the axial length is typically greater than that of an emmetropic 

eye [43], and therefore, the pointing direction of the foveal cones will likely be closer to the 

visual axis, reducing the directionality and dislocated visibility peak. 

In most cases, the brightness of the test field is adjusted until the visual similarity with 

the reference reigns, and the intensity ratio between them is determined. The SCE-I is 

characterised psychophysically by the visibility of the test field, 𝜂, relative to its position, 𝑟, 

from the pupil centre, which often fits well to a Gaussian function, as seen in Figure 1-6. 

Traditionally, and as proposed by Stiles [38], this is expressed as: 

 
𝜼(𝝀) = 𝟏𝟎−𝝆(𝝀)(𝒓−𝒓𝟎)𝟐

 Eq. 1 

where 𝑟0 is the pupil position of maximum visibility, and 𝜌(𝜆), is the wavelength-dependent 

directionality parameter and the shape factor of the Gaussian function. The point of 

maximum visibility is typically located near the centre of the pupil, and small spectral 

variations have been reported [44]. The ρ-value commonly determined at the fovea is 

around 0.05 mm-2, although both subject and wavelength dependent. Although alternative 

fitting functions have been proposed by Crawford [45], Moon and Spencer [46] or 

Enoch [47], the Gaussian function proposed by Stiles or Crawford is most commonly used, 

as is explained further on. 

 

Figure 1-6: Measured visibility of the test field versus the pupil position at 

λ=550nm (∆λ=22nm) for the author’s right eye involving 4 horizontal scans 

across the pupil. Experimental values are fit to the Gaussian SCE-I function 

and error bars indicate ±1 standard deviation. 
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The SCE-I has typically been related to the acceptance angle of the photoreceptors in 

order to achieve waveguided light from the IS to the OS, where the difference in the 

refractive index between the inner (core) and outer (cladding) areas is assumed to be large  

enough [48], resembling an optical fibre and causing total internal reflection of the incident 

light within the core [49]. Due to the high refractive index of the mitochondria in the ellipsoid 

of the photoreceptors, light is most probable to refract at larger angles when the angle of 

incidence is also larger. This would cause light to leak out of the photoreceptor itself and, 

therefore, not be absorbed, which would explain the reduced visibility of the SCE-I with 

increasing angles of incidence. Given this approach, a Gaussian function is of interest as it 

equals the paraxial result for the coupling of obliquely incident light to individual cylindrical 

photoreceptor waveguides [50]. However, there are some weaknesses to the waveguide 

model [39]: 

• The difference in refractive indices between the inner and outer areas of the 

photoreceptor should be large to ensure total internal reflection, but these are not 

fully known. 

• The dense packing of photoreceptors would alter the modes from those of a single 

waveguide. 

• The shape and structure of the cone photoreceptors can vary from a cylinder, which 

is determinant for typical waveguiding. 

• The short length of the photoceptors may not be sufficient for multiple total internal 

reflections of the light, and therefore, not allow the build-up of waveguide modes 

before possible absorption. 

• Non-guided radiative modes that are not confined to the core of the photoreceptor 

is not accounted for, which if to do so, would annul the SCE-I. 

• The highly diminished SCE-I in rod photoreceptors remains unexplained. 

Therefore, the waveguide model for cone-photoreceptors may not be suitable to fully 

explain the SCE-I. 

The visual pigment in rods and cones contain membranes and discs, respectively, 

responsible for the visual function. Furthermore, Toraldo di Francia [51] first alluded to the 

antenna-like properties of the photoreceptors, presenting identical radiative and collective 

properties due to optical reciprocity. Vohnsen [52], in 2014 proposed that individual pigment 

molecules act as point-dipole antennas which radiate, or equally capture light, in 

characteristic patterns defined by the coherent sum of all the molecules across the multi-

layered OS of individual cones. Given the direct relation to the molecular absorption, it is 
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used as a model for the electromagnetic role of the visual pigments in vision, while 

excluding waveguiding and allowing light to diffract outside the OS structure. As a result, a 

function of the OS diameter and the depth throughout which light of wavelength λ is 

absorbed, is used to fit the SCE-I data based on a scaled version of a central Airy disc, 

representative of the individual contributions of light from each OS membrane or disc at the 

pupil plane.  Although these models have provided good fit to the experimental data of the 

SCE-I, they are not equally intuitive and, with the exception of the antenna model that 

excludes waveguiding, they fall short to explain the lack of this effect in scotopic conditions 

where the rods are the main photoreceptors contributing to vision and they do not account 

for the hue shift defined by the SCE-II. 

1.3.2.  TH E  S T I L E S -C R A W F O R D  EF F E C T  O F  T H E  SE C O N D  K I N D  

When Stiles continued researching this effect [38], he measured the Stiles-Crawford effect 

with monochromatic light where two important facts came to be known: 1) that the SCE-I is 

wavelength dependent, and 2) that a change in hue with obliquely incident light on the retina 

is perceivable, which would go on to be known as the Stiles-Crawford effect of the second 

kind. Characterisation of the SCE-II is performed in a similar manner to the SCE-I, with 

additional fine control of the wavelength using a bandpass filter [38], a trichromatic 

configuration [53] or, more recently, a liquid-crystal tuneable filter [34]. However, 

measurements are more troublesome in terms of accuracy and subject repeatability, and 

prior SCE-I correction is necessary. 

Typically the SCE-II has been explained as a self-screening effect by pigments [29] and 

light leakage [54]. More recently, it has been reported that the SCE-I function in conjunction 

to photoreceptor pigment detail can explain the hue shift of the SCE-II [55]. The analytical 

model used in the latter case relies on the wavelength dependence of the SCE-I and the 

visibility differences across the spectral bandwidth of the illumination source, which lead to 

what was called the “SCE-II hue-shift function” and speculates that no hue-shift is apparent 

when entirely monochromatic illumination is used. A representation of this model with both 

SCE-I and SCE-II functions can be seen in Figure 1-7. 
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Figure 1-7: (a) The Stiles–Crawford effect of the first kind (SCE-I) colour 

visibility function weighted by colour pigment densities and (b) the Stiles–

Crawford effect of the second kind hue-shift function [39]. 

  

1.3.3.  TH E  O P T I C A L  S T I L E S -C R A W F O R D  EF F E C T  

J. Krauskopf first tested his prediction that light reflected from cone photoreceptors would 

conserve their directional properties corresponding to their psychophysical effects back in 

1965, introducing a new objective measurement of the retinal directionality based on the 

backscattered light from the retina [56] known as the Optical Stiles-Crawford Effect. The 

backscattered light has been seen to be collected by a camera placed in a conjugate plane 

to the pupil [56,57], or by a photomultiplier tube capturing the reflected signal at each 

position of a raster scan of the incident light and a small collection aperture [58]. Although 

all measurements performed in this manner have given similar qualitative results as those 

performed psychophysically, the OSCE provides a higher directionality factor [39]. This 

directionality factor increase in comparison to the psychophysical SCE can be explained by 

the optical reciprocity and antenna model proposed by Vohnsen [52] as it is usually 

analysed in bleached conditions, where contributions from the entire OS length considered 

in the model will increase the effective directionality. 

Although the objectiveness of this method is appealing, the light being captured to 

determine directionality, is not representative of the visual response, which relates to the 

light being absorbed in the photoreceptors and not reflected. Indeed, experiments of both 

the SCE-I and OSCE show that their characteristic directionality parameter may differ [59]. 

1.4.  WA V EFR O N T  SE NS I N G  

A wavefront is defined as a surface associated with a propagating wave passing through 

all points that have the same phase. Undistorted wavefronts are typically planar or 
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spherical, but can be changed with the use of common optical elements [60] by introducing 

wavefront aberrations. 

1.4.1.  W A V E F R O N T  AB E R R A T I O N S  A N D  ZE R N I K E  P O L Y N O M I A L S  

The optical performance of the human eye is limited not by diffraction but rather by the 

amount of monochromatic and chromatic aberrations. Ocular wavefront aberrations are 

mainly induced by the cornea and the crystalline lens and become increasingly important 

with a larger pupil size. The wavefront aberrations commonly refer to the conjugate pupil 

plane of the eye, where deviations from a planar wavefront refer to aberrations that prevent 

light from being focused onto a diffraction-limited spot on the retina. The aberrations for 

monochromatic light are expressed as a linear combination of orthonormal Zernike 

polynomials (ANSI-2010) over a unit circle, and weighted by a series of Zernike coefficients, 

expressed in either µm or wavelength units and, typically, in polar coordinates given the 

symmetry [61,62].  

The Zernike polynomials are defined as: 

where 

𝑍𝑛
𝑚(𝑟, 𝜃) = {

𝑅𝑛
𝑚(𝑟) cos(𝑚𝜃)    if   𝑚 > 0

 
𝑅𝑛

𝑚(𝑟) sin(𝑚𝜃)    if   𝑚 < 0
 

 

𝑅𝑛
𝑚(𝑟) = ∑

(−1)𝑘(𝑛−𝑘)!

𝑘!(
𝑛+𝑚

2
−𝑘)!(

𝑛−𝑚

2
−𝑘)!

𝑟𝑛−2𝑘
𝑛−𝑚

2
𝑘=0 , 

Eq. 2 

𝑛 and 𝑚 ∈ ℤ+ and 𝑚 ≤ 𝑛, 𝜃 is the azimuthal angle and 𝑟 is the normalized radial distance 

with 0 ≤ 𝑟 ≤ 1. Table 1-1 lists the first 15 Zernike polynomials used throughout this thesis 

in both polar and Cartesian coordinates, and the Zernike mode pyramid is presented in 

Figure 1-8, where the vertical axis represents the radial degree of the polynomials up to 4th 

order, and the horizontal includes the azimuthal degrees. The lower-order terms can be 

converted into the common sphere and cylinder used in optometric prescriptions and 

corrected by spectacles, contact lenses or corrective surgery. However, the higher-order 

aberrations require adaptive optics techniques or phase plates (if static) to be corrected, 

which will be explained further on in this thesis in section 5.1.1. 

It can be useful to adopt a single index notation for the Zernike coefficients as a linear 

combination of the polynomials is used to characterize the monochromatic aberrations of 

the eye. The single index OSA/ANSI notation corresponds to the mode number and can be 

calculated from the radial degree, 𝑛, and angular frequency, 𝑚, as 𝑗 =
𝑛(𝑛+2)+𝑚

2
. The linear 

combination of Zernike polynomials can be written as: 
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Φ𝑊𝐴(𝑟, 𝜃) = 𝑘 ∑ 𝑐𝑗𝑍𝑗(𝑟, 𝜃)

𝑗

 Eq. 3 

where 𝑘 =
2𝜋

𝜆
 is the wavenumber, and 𝑐𝑗  are the Zernike coefficients expressed with a 

single index, as listed in Table 1-1.  

Table 1-1: Listing of Zernike polynomials up to 4th order in Cartesian 

coordinates, where n is the polynomial order and m is the sinusoidal 

frequency. 

Indices 𝒁𝒏
𝒎 

Aberration 
j n m Polar Coord. Cartesian Coord. 

0 0 0 1 1 Piston 

1 1 -1 2𝜌𝑠𝑖𝑛(𝜃) 2𝑦 Tilt 

2 1 1 2𝜌𝑐𝑜𝑠(𝜃) 2𝑥 Tip 

3 2 -2 √6𝜌2sin(2𝜃) 2√6 𝑥𝑦 
Oblique 

Astigmatism 

4 2 0 √3(2𝜌2 − 1) √3 (2𝑥2 + 2𝑦2 − 1) Defocus 

5 2 2 √6𝜌2cos(2𝜃) √6 (𝑥2 − 𝑦2) 
Vertical 

Astigmatism 

6 3 -3 √8𝜌3sin(3𝜃) √8 (3𝑥2𝑦 − 𝑦3) Vertical Trefoil 

7 3 -1 √8(3𝜌3 − 2ρ)sin(𝜃) √8 (3𝑥2𝑦 + 3𝑦3 − 2𝑦) Vertical Coma 

8 3 1 √8(3𝜌3 − 2ρ)cos(𝜃) √8 (3𝑥2𝑦 + 3𝑦3 − 2𝑥) 
Horizontal 

Coma 

9 3 3 √8𝜌3cos(3𝜃) √8 (𝑥3 − 3𝑥𝑦2) 
Oblique 
Trefoil 

10 4 -4 √10𝜌4𝑠𝑖𝑛(4𝜃) √10 (4𝑥3𝑦 − 4𝑥𝑦3) 
Oblique 
Tetrafoil 

11 4 -2 √10(4𝜌4 − 3ρ2)sin(2𝜃) √10 (8𝑥3𝑦 + 8𝑥𝑦3 − 6𝑥𝑦) 
Oblique 2nd 
Astigmatism 

12 4 0 √5(6𝜌4 − 6𝜌2 + 1) 
√5 (6𝑥4 + 12𝑥2𝑦2 + 6𝑦4 

−6𝑥2 − 6𝑦2 + 1) 
Spherical 

13 4 2 √10(4𝜌4 − 3ρ2)cos(2𝜃) √10 (4𝑥4 − 4𝑦4 − 3𝑥2 + 3𝑦2) 
Vertical 2nd 

Astigmatism 

14 4 4 √10 𝜌4𝑐𝑜𝑠(4𝜃) √10 (𝑥4 − 6𝑥2𝑦2 + 𝑦4) 
Vertical 
Tetrafoil 
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Figure 1-8: Representation of the Zernike modes ordered vertically by 

radial degree up to 4th order, and horizontally by azimuthal degree 

(excluding piston). 

 

1.4.2.  HA R T M A N N -S H A C K  W A V E F R O N T  SE N S O R  

Typically, interferometers can be used to measure wavefront distortions, however the need 

arose for devices capable of characterising a wavefront from incoherent sources with low 

optical power and low cost. Thus, a wavefront sensor (WFS) is an optical device designed 

to measure aberrations of a wavefront under various conditions. WFSs are categorized 

mostly based on their speed, optical sensitivity and dynamical range to suit a determined 

application, such as in this case, ophthalmology. 

Many methods have been proposed since the 1960s to measure aberrations of the 

human eye both objectively and subjectively including modified aberrometers  [63,64], ray 

tracing techniques [65], and indirectly via retinal images [66]. However, Hartmann–Shack 

wavefront sensors (HS-WFS) have become the preferred devices to measure the wavefront 

and intensity distribution of backscattered light from the retina [67].  

A HS-WFS consists of an array of micro-lenses organized in a square or hexagonal 

array with 150-300μm pitch. The lenslets divide the wavefront into segments that sample 

the entire wavefront simultaneously. Each lenslet projects the point-spread-function (PSF) 

of the corresponding wavefront section onto a charge-coupled device (CCD) or 
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complementary metal-oxide semiconductor (CMOS) detector. When a plane wave is 

incident on the HS-WFS, a regular array of PSFs is captured by the detector (reference 

spots). On the other hand, aberrations of an incident wavefront will cause the PFSs to be 

laterally displaced. The PFSs undergo a centroiding method to measure displacement 

variation between the reference and test spots, which is then used to reconstruct the 

aberrations of the wavefront and express it in terms of the Zernike coefficients [68,69]. A 

schematic of the device in operation can be seen in Figure 1-9. The performance of the 

device will depend on the number of lenslets, dynamic range, sensitivity and the focal length 

of the lenslets, while the accuracy of the device will also depend on the effectiveness of the 

centroiding method of the PSFs. 

 

Figure 1-9: Schematic representation of a Hartmann-Shack wavefront 

sensor. A plane wave is used as a reference (left) and displacement of the 

PSFs from a test wave (right) are used to characterize the aberrations. 

  

Liang et al. [70] were the first to use a Hartmann-Shack wavefront sensor to objectively 

measure the aberrations of the human eye in 1994. For ophthalmic applications, the HS-

WFS uses a tightly focused beacon of light in the retinal plane, which serves as secondary 

point source for the wavefront sensing, with a lenslet array that samples the local 

distribution of wavefront tilt in the pupil plane. CMOS-based HS-WFS can capture 

aberration changes at 100s of Hz, although common CCD-based HS-WFS are limited to 

10s of Hz. In either case, crosstalk between adjacent lenslets limits the dynamic range of 

the device, which occurs when aberrations cause a larger displacement of one or more 

PSFs than the limits of the designated area on the CCD detector, corresponding to each 

lenslet as seen in Figure 1-9 (right). 
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The HS-WFS is typically used in adaptive optics closed-loop system jointly with a 

deformable mirror, to correct for wavefront aberrations and system calibrations, as will be 

seen in Chapter 5. 

1.5.  D I G I T A L  M IC R O M IR R O R  DE V IC E  

A digital micromirror device (DMD) is a micro-opto-electromechanical system (MOEMS) 

first created as a spatial light modulator by a Texas InstrumentsTM fellow Dr. Larry Hornbeck 

in 1987. It was patented and first commercialized as Digital Light ProcessingTM (DLPTM) 

technology in 1996 [71]. A single device consists on an array of micromirrors placed in a 

rectangular manner on a bi-stable hinge that allows for ±12° rotation about its diagonal axis 

(relative to its flat state), creating a rapid binary semiconductor-based switch with each 

micromirror [72]. The micromirrors are controlled by dual CMOS memory elements whose 

states are complimentary, thus allowing micromirrors to be electro-mechanically ‘latched’ 

to its desired ‘On’ or ‘Off’ position at high speeds but loses its memory and returns to a flat 

position when not powered. Loading the memory cells does not automatically update the 

mechanical state of the micromirror, as it uses a mirror clocking pulse to do so [73]. 

When light is perpendicularly incident on the flat surface of the DMD, light can be 

deflected towards two possible directions at ±24° (optical angle) by each micromirror, 

hence projecting a binary image as seen in Figure 1-10, which is previously loaded to the 

device’s internal memory. A grayscale image can be obtained by adjusting the duty cycle 

(relative ‘On-’ versus ‘Off-time’ within a period) of each pixel, for which a higher value results 

in a brighter pixel and vice versa. The brighter pixels are projected onto a common screen 

using the ‘On-position’ while deflecting light away with the ‘Off-position’ provides a darker 

appearance. 

Throughout this thesis, the chosen DMD to be used is a VialuxTM V7001-VIS, which 

operates with a TI DLP DiscoveryTM 4100 chipset [74] (V4395) platform combined with a 

USB 3.0 data transfer [75]. The DMD has 1024 × 786 micromirrors orthogonally arranged 

with a pixel pitch of 13.7𝜇𝑚 and an active area of 14.0 × 10.5𝑚𝑚2, thus a 92% array fill 

factor. Due to the spacing between micromirrors, the DMD creates diffractive orders at 

angles, 𝜃, given by sin 𝜃 = 𝑛𝜆 𝑑⁄ , where 𝑑 is the distance between adjacent pixels, 𝜆 is the 

wavelength of light being used and 𝑛, the diffraction order. The device has an on-board 

RAM capacity of 64 Gbit allowing 87,381 binary images to be stored. Images are loaded at 

4,000 frames per second via a parallel 32-bit wide bus needed to load the 1024 bits of a 

complete row. The maximum frame switching rate for binary images is 22,727Hz, providing 

at least 1000:1 contrast ratio. 
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Figure 1-10: Microscope x10 magnification image of a DMD projecting a 

binary image illustrating individual micromirror pixels in the ‘On’ or ‘Off’ 

states respectively corresponding to the bright or dark pixels of the image.  

 

DMDs contain filtered windows designed for 3 different transmission regions according 

to their specific anti-reflection (AR) coating on a Corning 7056 glass: Ultraviolet (UV) light 

(355 - 420 nm), visible light (400 – 700nm), and near infrared (NIR) light (700 – 2500nm), 

where in this case, the visible light window is used. The transmittance of this window is 

shown in Figure 1-11 for a typical single-pass through both top and bottom AR coated 

window with random polarization for both visible and UV light at normal incidence in graph 

a) and for visible light at both 0° and 30° angles of incidence in graph b). 

One of the most common applications of DMDs since the mid-1990s is light modulation 

for display applications providing high brightness and contrast with a modulator efficiency 

in the range of 65% including mirror reflectivity, fill factor, diffraction efficiency and duty 

cycle, while providing high image quality and clarity, as well as high speeds for video 

purposes [72]. A projection lens capturing the ‘On-state’ light is used to image the surface 

of the DMD onto a screen to view the displayed image. Coloured images can be obtained 

using a single DMD by sequentially filtering white light into the three primary colours in a 

synchronized manner with the DMD switching rate, or by using three-DMDs, where each 

DMD is used for each of the primary colours, which ensures maximum screen 

brightness [76]. As the DMD became more popular, its use began in many different 

applications, such as photofinishing, which enabled full colour continuous printing [77]; 

volumetric displays, using 3 DMDs to project 3 binary colour images on a rotating screen; 

lithography applications, allowing direct write means compatible with UV-sensitive 

materials [78]; broadband operation, due to the simple reflective operation of the DMD;  
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Figure 1-11: Transmittance of the DMD window in single-pass optimized 

for 355 – 420nm light, with a) both visible and UV light at normal incidence 

and b) visible light at 0° and 30° angles [83]. 

 

digital holography, where DMDs have provided large light throughputs, diffraction efficiency, 

contrast and grayscale range [79,80] with results of great interest for data storage; 

microscopy, where spatial light modulators have been integrated to shape incident and/or 

collected light and provide dynamical optical systems that can be switched between 

different types of microscopes [81]; or spectroscopy, to selectively route the desired 

wavelength to a detector [82]. 

More recently, and based on some of the applications here mentioned, DMDs are being 

used in the medical field, such as for psychophysical testing, where a DMD is used to 

project a visual stimulus [84], or for imaging applications. In the latter case, DMDs have 

been used for a new generation of ophthalmoscopes to either project binary Hadamard 
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patterns onto the retina for spatial coding [85,86] or to modulate the incident illumination 

beam at the pupil plane with concentric circles [87]. 

1.6.  TH E S IS  MO T I VA T IO N  AN D  OU T L I NE  

The discovery of the Stiles-Crawford effect opened the door to further studies into 

understanding how the retina works, as shown by the extensive literature linking this effect 

to different aspects of visual science. However, it has typically not been characterized in a 

way that fully represents normal viewing conditions, which can allow for remarkable insight 

into light interaction within the retina accountable for vision. The need for a unique optical 

system and a unified model that can measure and account for all variations of the SCE will 

allow for a direct comparison between effects, as broad disparities are found throughout 

the literature. 

Deciphering the absorption mechanisms of the eye could lead to a knowledgeable 

approach addressing the alarming increase of myopia rates worldwide, as the reasoning 

remains unknown. Furthermore, with such rates, the need arises for more advanced and 

versatile instruments to determine the optical quality and aberrations of highly myopic eyes.   

Chapter 2 of this thesis first introduces a novel uniaxial flicker system to characterize 

the SCE-I in Maxwellian view using a DMD, which allows for high speed and automated 

control of retinal fields. The chapter goes on to address the differences between the 

characterization of the SCE-I in Maxwellian view and that in normal viewing conditions by 

a horizontal scanning process of the pupil with small apertures, enabling a link to visual 

acuity. The characterization is then extended to full pupils of different sizes to 

experimentally address the assumption that the SCE-I can be analytically integrated to 

represent a full pupil. As differences arise, a novel theoretical model based on a geometrical 

optics approach is used to compare and explain the obtained results. 

Followingly, chapter 3 covers different aspects that can contribute to variations of the 

characterized SCE-I in Maxwellian view, including luminance levels, the spectral variations 

in the visible and up to the near-infrared light and its dependence on retinal locations at 

which it is measured up to 7.5°. These variations are again fit to the newly presented unified 

model which can account for photoreceptor OS size and densities. 

For further understanding of the mechanisms that could lead to myopia, in chapter 4 the 

SCE-I is analysed and compared in both emmetropic and myopic eyes while making a 

distinction between the effect of defocus and increase of axial length for myopic eyes. 

Additionally, chapter 5 addresses the need for a better characterization of the ocular 

aberrations for highly myopic eyes. A novel wavefront sensing technique is proposed using 
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a DMD to provide high speed and versatile sampling densities while avoiding crosstalk to 

increase the dynamic range of the device. 

Lastly, the conclusions of this thesis are detailed in chapter 6. 
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2. CHARACTERISING THE STILES-CRAWFORD 
EFFECT OF THE FIRST KIND 

 

Photoreceptor light acceptance is closely related to the Stiles-Crawford effect 

of the first kind. In this chapter, three different methods to characterise this 

effect are performed and compared. First, using a digital micromirror device 

to sequentially scan across the pupil with Maxwellian illumination, where light 

is focused at the pupil plane ensuring even illumination at the retina [a]. 

Second, by a scanning procedure of the pupil with a spatial light modulator 

in normal viewing conditions or Newtonian view, where the beam of light is 

focused at the retina, and its relation to visual acuity is analysed [b]. Last, an 

experimental approach to the integration of the SCE-I function across a full 

pupil by testing centred pupil apertures of different size with a) a spatial light 

modulator and b) with a motorized diaphragm as pupil [c]. Results are 

compared in terms of the directionality parameter and analysed with a 

volumetric overlap absorption model which does not account for 

photoreceptor waveguiding. 

Based on: 

a. A. Carmichael Martins and B. Vohnsen, "Analysing the impact of 

myopia on the Stiles-Crawford effect of the first kind using a digital 

micromirror device," Ophthalmic Physiol. Opt. 38, 273–280 (2018) 

b. A. Carmichael Martins, M. Vinas, A. Gonzalez-Ramos, C. Benedi-

Garcia, C. Dorronsoro, S. Marcos and B. Vohnsen, “Influence of the 

Stiles-Crawford effect of the first kind on visual acuity for decentred 

pupils” in Investigative Ophthalmology & Visual Science 60(9):5943 

(2019). Collaboration with VioBio lab, IO-CSIC, Madrid – Spain 

(ARVO 2019) 

c. B. Vohnsen, A. Carmichael Martins, N. Sharmin, S. Qaysi, and D. 

Valente, "Volumetric integration model of the Stiles-Crawford effect 

of the first kind and its experimental verification," J. Vis. 17, 18 (2017) 
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2.1.  MA X W E L L I AN  V IEW  

The Maxwellian view was first introduced by James Clerk Maxwell in 1860 as a way to 

maximize the amount of monochromatic light incident on the retina of his eye [33]. By using 

a lens, Maxwell imaged a source of light onto his pupil, which was then spread across the 

retina by the optical power of the cornea and the crystalline lens, revealing an evenly 

illuminated area on the retina. In the characterization process of the psychophysical SCE-

I, a subjective brightness comparison between two illuminated fields is carried out, as 

explained below. Therefore, even illumination generated by the Maxwellian view is used to 

ease the task for the subject.  

For all measurements taken in the sections to come, the right pupil of all subjects was 

previously dilated, and accommodation partially paralyzed with two drops of 1% 

tropicamide. Subject underwent ophthalmoscopic examination to ensure healthy eyes. 

Ocular data of all subjects can be found in Table 2-1. Myopic subjects wore their personal 

contact lenses for all measurements. The axial eye lengths were measured using an 

ultrasound biometer device (PalmScan A-2000 by Micro Medical DevicesTM) and the 

refractive errors were determined using an auto-refractor (EyeNetraTM) with a nominal 

accuracy of 0.35D. All procedures are in accordance with the Declaration of Helsinki for 

experiments involving human subjects and approved by the Human Research Ethics 

Committee at University College Dublin. 

Table 2-1: Axial length and spherical refractive correction measured for the 

right eye of all subjects. The asterisk (*) denotes myopic subjects. 

Subject Age (yr.) Axial length (mm) Refractive correction (D) 

1 (AC) 27 22.45 ± 0.03 +1.00 

2 (BV) 49 23.11 ± 0.05 0.00 

3  33 23.81 ± 0.03 -0.75 

4 27 22.81 ± 0.01 -0.75 

5 31 23.40 ± 0.03 -0.50 

6 36 24.58 ± 0.05 -1.00 

7 28 23.86  0.03 0.00 

8* 23 25.16 ± 0.05 -2.25 

9  27 24.42 ± 0.04 0.00 

10* 22 25.13 ± 0.04 -4.00 
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E X P E R I M E N T A L  S E T U P  A N D  M E T H O D O L O G Y  

A uniaxial flicker system has been devised using a DMD (VialuxTM V-7001 VIS) to alternate 

between a reference and test field while controlling the luminance of each by the duty cycle 

of the micromirrors. The linear dependence of the intensity variation with the duty cycle 

measured using a power-meter in a conjugate plane to the pupil can be observed in Figure 

2-1, with a slope of 1.031 ± 0.005 and 𝑅2 = 0.9998.  

 

Figure 2-1: Measured dependence of the variation of the normalized 

reflected beam intensity from the DMD as a function of the duty cycle. 

 

The optical system used in this study was built using a quartz halogen lamp (Edmund 

OpticsTM, Dolan-Jenner Fiber-Lite 150W EKE-X) with a multimode fibre bundle (ThorlabsTM, 

Fiber Bundle BF13LSMA01, NA=0.22) as source, an infrared cut-off filter and an achromatic 

doublet to illuminate the DMD with white light. A schematic of the setup can be observed in 

Figure 2-2. The DMD is composed of an array of 1024 x 768 micromirrors arranged in a 

rectangular manner and mounted on a hinged structure allowing them individually to 

diagonally rotate ±12°  ( ±24°  optical angle), thus, providing binary on- and off-states 

respectively as described in Section 1.5. The mirror pitch is 13.7μm contributing to an active 

DMD area of 14.0×10.5mm2. The DMD is programmed using LabVIEWTM to provide a 

circular reference beam of 0.2mm and alternate at a frequency of 0.5Hz (each image is 

projected by the DMD for 1s) with a series of test patterns which scan the pupil horizontally 

in monocular Maxwellian view. The binary pattern projections were created using 

MATLABTM and loaded onto the DMD’s on-board memory beforehand, to achieve the 

maximum frame rate. These patterns are imaged by a set of two achromatic lenses onto a 
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20° circle top-hat diffuser, which provides ±10° of flat intensity transmission of 90% and a 

50% intensity drop at 27°. Light is then collected by a second set of achromatic lenses and 

reimaged, such that the diffuser is conjugated with the pupil plane. All together they 

complete a one-to-one optical system with the pupil plane. A MeadowlarkTM selectable 

bandwidth tuneable filter placed before the last doublet lens is set to a bandwidth of 22nm 

centred at a wavelength of 550nm to maximize visibility. An iris is used to limit the area on 

the retina to 2.3 visual degrees. Additionally, infrared LEDs are used to illuminate the eye 

without disturbing the subject, while a beam splitter and camera are used to centre the 

subject’s pupil by tracking the reflected light off the cornea. 

 

Figure 2-2: Schematic setup of a uniaxial flicker system to measure the 

SCE-I using a Digital Micromirror Device, which uses a binary switch of 

individual mirror pixels to deflect light. A 4f system is used to project a 

pattern onto the diffuser that is located at the conjugate plane of the pupil. 

A liquid-crystal tuneable colour filter sets the wavelength to 550nm and 

the iris determines the visual degrees in Maxwellian view. 

 

A bright spot of 0.2mm or ~16-pixel diameter centred on the DMD, projected onto the 

diffuser and the pupil with the same diameter is used as a Maxwellian reference which 

spreads across a 2.3 visual degree area on the retina (Figure 2-3-a). The same-sized spot, 

but at different evenly-spaced locations across the diagonal of the active area of the mirror 

array, scans the pupil (7mm in diameter) horizontally in such a way that the subject only 

sees the reference or the scanning light at any point in time. The period of the micromirrors 

is set to 27ms and the duty cycle, used to control the brightness as shown in Figure 2-3-b, 
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is set to 24% for the reference (REF ON-Time in Figure 2-3-c), while the duty cycle of the 

test field (IMG ON-Time in Figure 2-3-c) is controlled independently, to achieve equal 

brightness in both fields. 

 
Figure 2-3: Flicker system control with a DMD including a) the view through 

the system of the reference field, b) the duty cycle variation to control 

brightness of the test field and c) the programmed LabVIEWTM control 

panel used to set the flicker speed and duty cycle of both reference and 

test fields. 

 

During measurements of the SCE-I, a bite bar was used to reduce head and eye 

movement, and its position was adjusted along the X-Y-Z axes to ensure a good centring 

of the pupil to the reference beam at maximum visibility. Additionally, the two outermost test 

images along the horizontal line of the pupil were sequentially imaged to certify the best 

centration by subjective comparison. A complete measurement consisted of 11 test 

patterns scanned across the horizontal line of the pupil and repeated 4 times to determine 

the standard deviation at each pupil position. The directionality parameter of the SCE-I was 

measured at the fovea by having each subject control the intensity of the test beam via a 

remote controller (ContourTM, Shuttle Express) operated by the subject him/herself until the 

brightness matched that of the reference. At that point, the ratio between the duty cycles 

was recorded, and the next pupil-scanning-pattern on the DMD was projected at the push 

of a button. A complete measurement lasted approximately 20 minutes. 
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R E S U L T S  

The visibility data of the SCE-I corresponding to 5 emmetropic subjects (-1D to +1D) are 

plotted in Figure 2-4, where the error bars represent the standard deviation of the 4 

repetitions of each pupil entry position. The use of a DMD allows extremely fast changes of 

the Maxwellian view at different pupil positions and a precise variation of intensities, while 

avoiding the use of large mechanical components and providing an automated system. The 

psychophysical visibility data is fitted to the Gaussian SCE-I function (Eq. 1) represented 

as solid lines, and directionality parameters are recorded in the legend. The average 

directionality parameter value for all subjects measured with foveal viewing is here 

0.042𝑚𝑚−2, which is in good agreement with values from the literature [39]. The point of 

maximum visibility for all subjects falls near the pupil centre, however, a slight nasal 

tendency and subject intervariability can be observed as previously reported [37,88]. 

 

Figure 2-4: Psychophysical data of the SCE-I measured in Maxwellian view 

with foveal viewing for 5 subjects, and fit to a Gaussian SCE-I function. 

Directionality parameter for each subject are included in the legend and 

the error bars correspond to ±1 S.D.  

 

2.2.  NE W T O N I A N  V I EW  

In normal viewing conditions, light entering the pupil is focused due to a combination of 

optical power produced by the cornea and the crystalline lens to form an image on the 

retina, which is also commonly known as Newtonian view. Although Maxwellian view has 
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typically been used to characterize the SCE-I due to the uniformity of the field it forms, it is 

not representative of normal vision [89]. Furthermore, evaluating the retinal directionality in 

normal viewing conditions, allows a further study into its possible relation to visual 

acuity [90]. Here, the SCE-I is characterized in Newtonian view using a green letter-E as a 

fixation stimulus and a set of small horizontally displaced pupil masks created by a Spatial 

Light Modulator (SLM). 

S P A T I A L  L I G H T  M O D U L A T O R S  

An SLM is an optical device capable of locally modulating the phase of an incident beam of 

light. Typically, a phase SLM uses an electro-optic material which reacts to an electric field 

applied to it, capable of finely adjusting the localized phase of a beam by means of a 

densely packed grid of actuators. Typically, there are two types of electro-optic materials 

used for this purpose: anisotropic crystals or liquid crystals. The former carries birefringent 

properties allowing them to alter their refractive index with applied voltage, and therefore, 

change the optical path of the light, as for example using Pockel or Kerr cells [91]. The latter 

case, and most commonly used in SLMs, liquid crystals, are materials found in fluid state, 

which adopt properties of both liquid and solid states. It is composed of elongated organic 

molecules randomly located in space but have a common orientation, which can be 

redirected when externally exposed to an electric field. It is known as “twisted nematic liquid 

crystals” [91,92]. Placing the phase SLM between two crossed polarizers allows to 

modulate the transmitted or reflected light beam in amplitude and thereby change the 

amplitude profile of the beam. 

 

Figure 2-5: Schematic of a twisted nematic liquid crystal being rotated 

within an electric field. Two crossed polarizers are used to convert phase 

into amplitude modulation. 
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Liquid crystal SLMs can be classified into two categories depending on their optical 

configuration: reflective or transmissive. As the names indicate, the former reflects incident 

light after phase modulation and typically have a quicker response time due to half the 

thickness of the liquid crystal needed. The latter, modulates light as the beam is transmitted 

across the device, using a transmissive active matrix which allows to reduce the size, weight 

and complexity of the system [93]. However, aperture blocking due to the electronics 

reduces the fill factor, and therefore diffraction efficiency of the device [94]. The 

transmissive SLM (HoloeyeTM 2012) used here, locally controls the phase of the beam with 

1024x768 actuators of 36μm each, across an active area of 36.9×27.6mm, acquiring a fill 

factor of 58%. This SLM provides approximately 1.8π phase shift for 532nm light. 

V I S U A L  A C U I T Y  

Visual acuity (VA) is the measure of the minimum spatial resolution resolvable by the visual 

system to characterize subjective quality of perception. It is usually measured at the fovea, 

where VA peaks, but can also be performed at different retinal eccentricities. Typical VA 

testing consists on subjective identification of optotypes – which can be letters, such as the 

Snellen chart [95,96], Landolt rings [97], or other simple patterns, as is the case of the 

illiterate tumbling E chart [98], which can be observed in Figure 2-6. The latter two are 

typically used to test VA for children and illiterate or non-English-speaking subjects, as only 

the determination of the orientation is requested from them. Grating recognition and 

orientation is known to be better than letter recognition while maintaining resolution angles 

throughout the test [99]. Furthermore, the tumbling E was found to be easier to resolve as 

it has two gaps instead of a single gap in the case of the letter C and has been seen to 

perform better than Landolt-C for astigmatic refractive errors. The tumbling E test has also 

reported highly repeatable results [100]. 

VA charts are placed at 20ft (6m) from the subject, whose task it is to determine the 

smallest size at which the orientation of the optotype is correctly identified. Normal vision is 

considered to be 20/20 or 6/6, where the numerator indicates the distance between the 

subject and the chart while the denominator is the distance at which a subject with 20/20 

vision would stand to be able to distinguish the same optotype. Therefore, 20/40 represents 

a lower VA than 20/10. These values can also be expressed as decimal numbers (dec), as 

is the standard in European countries, where normal vision would be 1.0, lower VA would 

be 0.5 and higher would be 2.0, following the previous examples. Although considered 

normal vision for subjects with good vision above 60 years old, it is common to have a 

higher VA than 1.0, where well-corrected young subjects with binocular vision can reach up 

to 2.0. 
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Figure 2-6: Examples of three commonly used visual acuity charts: a) 

Snellen chart, b) Landolt ring chart and c) illiterate E chart [101]. 

 

The exact VA of a subject is measured as the inverse of visual angle in arc minutes 

corresponding to the gap of the minimum distinguishable orientation of the optotype. For 

20/20 = 1.0 acuity, the optotype is set to be 5 arc min, which in the case of the illiterate E 

where all bars are the same length and width, allows each gap to span over 1 visual arc 

minute. Therefore, for each smallest illiterate E resolvable by the subject, VA is calculated 

as: 

 

𝑽𝑨 [𝒅𝒆𝒄] =
𝟏

𝑶𝒑𝒕𝒐𝒕𝒚𝒑𝒆 𝑺𝒊𝒛𝒆 

𝟓
 [𝒂𝒓𝒄 𝒎𝒊𝒏]

   Eq. 4 

 

E X P E R I M E N T A L  S E T U P  A N D  M E T H O D O L O G Y  

A uniaxial flicker system is here devised, as seen in Figure 2-7 using a smartphone screen 

(GoogleTM Pixel 3) to project an image by an achromatic lens of focal length 1000mm. The 

phone screen is a Plastic Organic Light-Emitting Diode (P-OLED) of 1080×2160 pixels with 

a 57.8μm pixel pitch. The stimulus is 200×200 pixels in size, covering a 2° visual angle and 

emitting at 528nm wavelength with a bandwidth of 30nm. It consists of a static letter E, 

where all bars are the same length, used in the common ‘Tumbling E chart’ for visual acuity 

measurements. A Liquid Crystal Variable Attenuator (MeadowlarkTM, LVA-100-λ) carrying 

a liquid crystal between two crossed polarizers, rotates the polarization of transmitted light 

controlled by an electric field. Hence, it is connected to a voltage output generator via a 

digital-analogue data acquisition (DAQ) device (National InstrumentsTM, UBS-6259) to 
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control the transmittance of the device, and therefore, the brightness of the field. The LCVA 

has a tuneable range and can attenuate up to approximately 99.9% of the incident light (3.0 

ND). 

 

Figure 2-7: Schematic setup of a uniaxial flicker system used to 

characterize the SCE-I in Newtonian view, suited with a smartphone to 

project a visual stimulus and an SLM to create horizontally displaced pupil 

apertures. 

 

A calibration of the LCVA was performed by placing a CCD camera (ThorlabsTM, 

DCU223M) at the retinal plane with a focusing lens to form an artificial eye and by tracking 

the image intensity for each voltage value applied to the attenuator. To reduce background 

noise, a binary mask was used over the captured image of the illiterate-E stimulus. The 

data was fit to a 5th-order polynomial function, given by: 

 

𝐼 = 0.3841 ∙ 𝑉5 − 7.5472 ∙ 𝑉4 + 58.417 ∙ 𝑉3 − 221.51 ∙ 𝑉2 

+407.71 ∙ 𝑉 − 286.25 Eq. 5 

where 𝐼 is the mean image intensity and 𝑉, the applied voltage. The plotted data and fitted 

function can be seen in Figure 2-8. For practical purposes, the voltage range used for the 

measurement was limited between 2.7 and 5V, where the largest intensity variation is 

registered. 
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Figure 2-8: Liquid crystal variable attenuator calibration curve for image 

intensity variation with applied voltage (V) and fit to a 5th-order polynomial. 

 

An optical 4-f system composed of 400mm and 200mm focal length achromatic doublets 

are used to place an SLM and a linear polarizer conjugate to the pupil plane. The SLM and 

analyser are used to create pupil aperture masks of 1.5mm in diameter, alternating at 0.5Hz 

between a centred reference pupil and 7 horizontally displaced pupils of the same size, 

sequentially, across a 6.5mm dilated eye pupil. The centres of the displaced apertures were 

selected such that they are evenly spaced along the horizontal line across the pupil and 

that the outermost apertures do not overlap with the 6.5mm limit of the fully dilated pupil, 

leaving the centres of the latter at 2.5mm temporal and nasal, respectively. An iris is placed 

at the conjugate plane of the retina to remove unwanted diffraction orders caused by the 

SLM. Both the LCVA and the SLM are programmed and synchronized in LabVIEWTM, 

allowing the subject to vary the attenuation of the displaced aperture via a remote control, 

while the reference field is set to a fixed intensity. The same infrared LEDs, pupil camera, 

and the 3D adjustable bite-bar is used to illuminate the eye and track the pupil location to 

ensure proper centration. 

Subjects were asked to match the brightness of the first displaced pupil and reference 

field of the green illiterate E projected from the smartphone screen, after which the next 

displaced pupil was projected on the SLM at the push of a button. Each horizontal scan at 

7 pupil entry locations was repeated 4 times to determine the standard deviation at each 

pupil location. The ratio between the voltage applied to the LCVA for the reference and for 

the displaced pupil at matched brightness was recorded and converted to visibility values 
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with the calibration function (Eq. 5). Results were fitted to the Gaussian SCE-I function (Eq. 

1). 

The VA was here determined using an 8-Alternative Forced Choice [102] procedure with 

a tumbling illiterate E and a QUEST (Quick Estimation by Sequential Testing) algorithm 

programmed in MatlabTM with the Psychtoolbox package [103] to calculate the letter size 

and orientation for 40 consecutive trials. Limits were set to 200×200 pixels (= 133.63𝑚𝑚2) 

as the largest stimulus presenting a 2° visual angle, and 5×5 pixels as the smallest, being 

the minimum amount of pixels necessary to draw an illiterate E. Subjects were asked to 

select the correct orientation of the letter on a numeric keyboard corresponding to up, down, 

left, right and the four diagonal orientations, with no time limitation. The MatlabTM algorithm, 

records the size of each of the 40 trials and the subject’s corresponding answer determining 

if it is favourable or not. If the answer is correct, the next size will be smaller, but if wrong, 

the next optotype is larger. The step size decreases with the number of trials, creating a 

convergent trend when the optotype size is plotted against the number of trials, as in Figure 

2-9. The smallest distinguishable optotype is estimated as the average of the 10 last 

stimulus trials. The decimal visual acuity is obtained plotting this size into Eq. 4. 

 

Figure 2-9: Example of a single visual acuity measurement plotting the size 

of the stimulus versus the trial number, where a wrong answer increased 

the size but a correct answer decreased the size for the following trial. 

 

Evaluation was performed for 6 emmetropic subjects at each decentred pupil location 

and two different brightness conditions: 

1) Uncorrected SCE-I: VA was evaluated with identical field intensity at each location, 

allowing the subject to perceive darker fields as pupil entry location was nearer the 
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edge of the pupil, as dictated by the SCE-I. In this case de LCVA was set to the same 

constant transmittance as that used for the reference centred pupil aperture. 

2) Corrected SCE-I: VA was re-evaluated after brightness compensation of the SCE-I 

according to each subject’s SCE-I measurement by setting the transmittance of the 

LCVA to that subjectively chosen during brightness matching for the measurement of 

the SCE-I. Consequently, subjects perceived the same brightness at all pupil entry 

locations. 

R E S U L T S  A N D  D I S C U S S I O N  

Normalized visibility values at each pupil location are shown in Figure 2-10 for 6 emmetropic 

(-1D to +1D) subjects, 4 of which are the same as those measured for the results described 

in section 2.1. Calculated directionality parameters were obtained after curve fitting of Eq. 

1 for each subject and is recorded in the legend. The decremental tendency of the 

brightness to reduce with oblique incidence is maintained under normal viewing conditions 

in a similar manner to that under Maxwellian view, albeit slightly higher directionality values 

can be observed. 

 

Figure 2-10: Psychophysical data of the SCE-I measured in Newtonian 

view for 6 subjects, and fit to a Gaussian SCE-I function. Directionality 

parameter for each subject are included in the legend and the error bars 

correspond to ±1 S.D. 

 

Measurements of visual acuity were performed for the 7 decentred pupils of 1.5mm in 

diameter before and after intensity corrections of the SCE-I, such that each of the 6 subjects 
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perceive equivalent brightness for each pupil aperture. Results for all subjects before (left) 

and after (right) SCE-I correction are shown in Figure 2-11. VA is seen to decrease with the 

lateral displacement of the entry pupils, as is expected from the literature [104], and at a 

first glance, a flattening of the curves on average can be noted after SCE-I correction. 

Before correcting for the SCE-I, VA values decay on average 45% with a 2.5mm 

displacement in the temporal direction and up to 51% decay for the same displacement in 

the nasal direction.  Differences between nasal and temporal dislocation can possibly be 

associated to local variations of ocular aberrations. The SCE-I luminance correction 

provides a 30% percentage-point improvement on average at the outermost temporal 

dislocation, but a 15% difference at its nasal counterpart. 

 

Figure 2-11: Decimal visual acuity values for 6 emmetropic subjects using 

7 horizontally displaced pupil apertures of 1.5mm diameter within a 6.5mm 

dilated pupil without correcting for the SCE-I decrease in brightness (left) 

and after correcting for SCE-I brightness variations (right) for each subject. 

Error bars correspond to ±1 S.D. 

 

For direct comparison of the VA results with and without SCE-I intensity correction, 

individual graphs are plotted for each subject in Figure 2-12. For subject 1 (AC), VA values 

are a result of the average of 3 repetitions for all VA tasks, and the errors bars represent 

the standard deviation between repetitions. For all other subjects, a single VA test was 

performed, and the error bars represent the standard deviation obtained by the last 10 

stimulus trials. 

To further understand the improvement differences between the VA results for 

uncorrected and corrected SCE-I in the temporal versus nasal area of the pupil, the 

aberrations of all subjects were measured for a 6mm dilated pupil using a HS-WFS.  
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Figure 2-12: Decimal visual acuity values for 6 emmetropic subjects using 

7 horizontally displaced pupil apertures of 1.5mm diameter within a 6.5mm 

dilated pupil with and without correcting for SCE-I brightness variations. 

Error bars correspond to ±1 S.D. 
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Wavefront maps are shown in Table 2-2 as an average of 4 consecutive measurements 

followed by the corresponding RMS and Strehl ratio values obtained from the Zernike 

coefficients, excluding piston, tip and tilt, since slight pupil displacements are needed to 

avoid corneal reflections. 

Table 2-2: Wavefront maps of a 6mm pupil for all subjects take as an 

average of 4 HS-WFS measurements including the RMS (in μm) and Strehl 

ratio. Piston, tip and tilt have been excluded. 

 Subjects 

1 (AC) 2 (BV) 3 4 6 7 

HS 

           

RMS 
(μm) 

1.0081 0.5334 0.5948 0.4138 0.8879 0.8105 

Strehl 
ratio 

0.3644 0.7506 0.7087 0.8445 0.5186 0.5186 

 

By truncating the wavefronts to smaller 1.5mm apertures at the positions corresponding 

to the horizontal scans used for the SCE-I and VA measurements, the aberrations have 

been calculated for each case. Results are plotted in Figure 2-13 in terms of the RMS (left) 

and Strehl ratio (right), once again excluding piston, tip and tilt. A high RMS value indicates 

larger aberrations, while a high Strehl ratio indicates better image quality, as it is a ratio of 

the peak diffraction intensities between the aberrated and unaberrated wavefront at focus.  

 

Figure 2-13: Variation plots of the ocular aberrations in terms of RMS (left) 

and image quality in terms of the Strehl ratio (right) for horizontally 

displaced apertures of 1.5mm across a 6mm pupil, calculated with the 

Zernike coefficients measured with a HS-WFS.  
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It must be noted that due to the pupil size difference between the SCE and VA testing 

(6.5mm) and the measured aberration (6mm), the centre of the last displaced pupil is 

2.25mm in the latter case. As can be expected, aberrations are highly subject dependent, 

but no clear differences are apparent between the temporal and nasal sides of the pupils in 

either case. 

Observing the Strehl ratio plots, one can see some similarities with the measured VA 

for each subject individually, but it still fails to give a clear relation between the wavefront 

or Strehl ratio and the VA before and after SCE-I luminance compensation. The 

inconclusive results in this matter indicate that further research in this area is necessary. 

One of the aspects to consider is that the tumbling E test was performed with green light, 

whereas the wavefront was sensed with infrared light.  Another issue is the 2D nature of 

the image quality representation through the Strehl ratio, which may not be an adequate 

indicator in this case given the 3D complexion of the retina. The latter will be discussed 

further in section 2.4.2 of this chapter.  

2.3.  IN TE GR A TED  ST I LE S -CR A W FO R D  EFF EC T  

Typical measurements of the SCE-I have been performed in Maxwellian view, and it is 

commonly believed that the SCE-I function (Eq. 1) can be integrated over the entire pupil 

area, regardless of the fact that retinal illumination differs drastically from Maxwellian to 

normal viewing conditions [105] and that aberrations can also play a role [106]. Analytical 

integration of a Gaussian SCE function leads to an integrated visibility for normal 

viewing, 𝜂𝑖𝑛𝑡, expressed as the ratio of the effective pupil area 𝐴𝑒𝑓𝑓 (i.e., truncated with a 

Gaussian SCE function) with respect to that of the actual pupil area 𝐴𝑝𝑢𝑝𝑖𝑙: 

 

𝜂𝑖𝑛𝑡 =
𝐴𝑒𝑓𝑓

𝐴𝑝𝑢𝑝𝑖𝑙
=

1 − 10−
𝜌
4

𝑑𝑝𝑢𝑝𝑖𝑙
2

𝜌
4

𝑑𝑝𝑢𝑝𝑖𝑙
2 ln (10)

≤ 1 Eq. 6 

This result suggests an effective limit of the pupil diameter to 1.32 √𝜌⁄  for large pupils [39] 

given by 𝑑𝑒𝑓𝑓 = 2√
1−10−𝜌𝑅2

𝜌ln (10)
, where the pupil diameter is 𝑑 = 2𝑅, and is commonly used to 

explain a reduced visual impact of light entering the eye near to the pupil rim. 

Few have addressed the question on how the SCE-I directly affects vision [47,107–109], 

however somewhat inconclusive as results have reported test fields to be brighter [29] or 

dimmer [47] than those predicted by direct integration. Here, an experimental verification of 

the integrated SCE-I is carried out with two different optical systems to create centred pupil 
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apertures of various sizes for subjective determination of effective visibility using a) an SLM, 

for direct comparison to the analytical integration of the SCE-I function (Eq. 1) measured in 

the same system, and b) a motorized mechanical pupil, which avoids any losses and 

potential artefacts created by the SLM. 

2.3.1.  U S I N G  A  SP A T I A L  L I G H T  M O D U L A T O R  

To experimentally determine the SCE-I across an entire pupil, the optical system described 

in section 2.2 was reused. The SLM is programmed to sequentially project 8 pupil apertures 

ranging from 1.5mm to 6.5mm in diameter in steps of 0.714mm. Four emmetropic subjects 

whose right pupil had been dilated with two drops of 1% tropicamide, were asked to 

subjectively match the brightness of the test pupil aperture to that of the reference, set to a 

pupil size of 1.5mm. Brightness of the test field was controlled by the transmittance of the 

LCVA and quantized using the calibration function (Eq. 5). Raw data from the applied 

voltage to the LCVA was converted to visibility values using Eq. 5, subsequently scaled to 

the effective pupil area and normalized to the reference pupil with 1.5mm diameter. Visibility 

data obtained from the range of pupil sizes are shown in Figure 2-14 as solid lines for all 

subjects. The analytical integration is included here for comparison, where the effective 

visibility is determined by the ratio: 

 
𝜂𝑒𝑓𝑓 =

𝐴𝑟𝑒𝑓𝑇𝑟𝑒𝑓
𝐴𝑝𝑢𝑝𝑖𝑙𝑇𝑁𝐷

⁄  Eq. 7 

where 𝐴𝑒𝑓𝑓 is the area of the reference pupil (here a circle with 1.5𝑚𝑚 diameter), 𝐴𝑝𝑢𝑝𝑖𝑙 is 

the pupil area being tested (≥ 𝐴𝑟𝑒𝑓), 𝑇𝑟𝑒𝑓 is the transmission of the neutral-density filter for 

the reference pupil, and 𝑇𝑁𝐷 is the transmission of the neutral-density filter as chosen by 

the subject once vision for the test and reference lights appeared as equally bright. For this 

approach the directionality parameters of each subject obtained in section 2.1 were used, 

and results are plotted in the same graph, showing a significantly slower reduction in 

effective visibility with increasing pupil size than observed experimentally for the integrated 

SCE-I.  

As mentioned previously, a CCD camera was used to calibrate the brightness of the 

stimulus for different transmittivity of the LCVA. Due to the low luminance level of the system 

provided by the smartphone screen and the low sensitivity of the CCD detector, it can reach 

the limit of zero visibility. The use of an SLM also contributes to the low luminance in the 

system as (1) it requires polarised light which further diminishes brightness of the stimulus, 

and (2) has a fill factor of 58%, which for a 6.5mm aperture of 33.18mm2, light is only 

transmitted over an area of 19.24mm2, however affecting both the reference and the test 

fields equally. Using an illumination source brighter than that offered by the smartphone 
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screen and/or a reflective SLM with higher fill factor, may be adequate to reinforce these 

results. 

 

Figure 2-14: Experimental data of the visibility variation with pupil size 

ranging from 1.5 to 6.5mm (solid lines) for two subjects and results 

obtained by analytical integration of the SCE-I function (dashed lines) 

across each pupil size using the directionally parameters included in the 

legend. 

 

2.3.2.  U S I N G  A  M O T O R I Z E D  ME C H A N I C A L  I R I S  

In order to reduce any alterations of the brightness of the field due to artefacts possibly 

introduced by the SLM, a second optical setup makes use of a motorized mechanical iris 

to set the test apertures. 

E X P E R I M E N T A L  S E T U P  A N D  M E T H O D O L O G Y  

To determine the effective visibility with pupil integration the system shown in Figure 2-15 

was developed. Subjects viewed a fixation target located at 1.00m distance in front of the 

eye with a black E-letter of 3.0mm printed on paper and centred within a white circle of 

42mm. The circle is limited by a dual layer of dark print on paper to eliminate any spurious 

transmission. The target is back-illuminated by a fibre-guided halogen lamp with 150W 

nominal power and a 3200K spectrum (ThorlabsTM OSL1-EC). A motorized iris diaphragm 

(StandaTM 8MID18-1-AR) is used to set the effective pupil size, and the LCVA 

(MeadowlarkTM LVA-100-λ) is used to match the subjective brightness for large test pupils 

with respect to a 1.4mm reference pupil. A 4f telescopic system projects the motorized iris 
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onto the eye whereby the subject saw a luminous circle covering ~4 visual degrees through 

a pupil size set by the iris. The colour seen by the subject was set to 550nm by a tuneable 

wavelength filter (MeadowlarkTM TOF-SV) with 22nm bandwidth [34]. Similar 

measurements were realized at different wavelengths and compared further on in section 

3.2.2. A current-driven tuneable lens (OptotuneTM EL-10-30-C-VIS-LD-MV) was used for 

subjective defocus correction at each wavelength. Prior to the psychophysical 

measurements, the light power reaching the eye had been calibrated using a power meter 

(ThorlabsTM PM100D-S120C) for different settings of the neutral-density filter using the 

same configuration as in the experiments. The total power transmitted by different iris-

diaphragm settings was found to scale linearly with the pupil area as expected. 

 

 
Figure 2-15: Experimental setup for a pupil-flicker analysis of the integrated 

SCE using a back-illuminated letter E fixation target with a tuneable 

wavelength filter, a motorized iris to control pupil apertures and a LCVA for 

brightness matching tasks.  

 

During the psychophysical measurements the motorized iris alternated between the 

reference pupil (1.4 mm) and the test pupil (from 2.5 to 7.4 mm in ~1 mm increments) 

corresponding to a luminous range of up to 1.5 log units. Figure 2-16 shows measurements 

of the total power transmission while gradually increasing the pupil size. Each chosen pupil 

was held constant for 1.0s. To avoid sudden brightness changes, the neutral-density filter 

was programmed to reduce the transmission (dark state) momentarily during the switching 

time of the iris which ranges from 0.1s. for small pupils to 0.3s for large pupils, which is 

similar in duration to the natural eye blink. In Figure 2-16 each pupil size is repeated twice 

but in the psychophysical experiments each pupil-size flicker was continuously repeated 

until a reading was taken by the subject, triggering the progression of the measurement 

series and advancing the settings towards the next test pupil size. The system is computer 

controlled using LabviewTM and the subject performed measurements using a numerical 

keypad extension while looking through the system at the fixation target. 



- 42 - 
 

 
Figure 2-16: Graph representing the total power reaching the eye for 

increasing pupil diameters from 2.5 to 7.4 mm with respect to a 1.4 mm 

reference for 550nm wavelength. 

 

The right eye of 5 subjects with normal vision were analysed with the system. A dark 

patch was used to cover the left eye and a bite bar was used to minimize unwanted eye 

motion during data collection while subjects centred their eye for sharpest vision of the E 

chart after the pupil was fully dilated using 1% tropicamide. The measurements were 

realized in two steps. First, subjects saw the fixation target through a static 4.5mm pupil to 

adjust the tuneable focus lens for best focus at each wavelength while fixating at the E-

letter. Followingly, the system initiated the psychophysical measurements by alternating 

between a 1.4mm (reference) and 2.5mm (test) iris in a continuous loop while allowing the 

subject to adjust the LCVA for the test pupil until the brightness of the test and reference 

fields appeared as well matched, the iris then advanced to a 3.5mm (test) and the same 

1.4mm (reference) pupil in a loop until a satisfactory brightness match was obtained, and 

so forth up to a 7.4mm (test) pupil. Once completed, the pupil-size sequence was repeated 

for a total of 4 measurement series allowing calculation of averages and deviations. 

R E S U L T S  A N D  D I S C U S S I O N  

The experimental results for the 5 subjects performed with green light are shown in Figure 

2-17. As can be seen, the effective visibility drops rapidly with increasing pupil size. 

Variations between sets of measurements are very small for all subjects. For comparison, 

a resulting visibility obtained as a direct integration of the Gaussian SCE-I function with an 

average directionality parameter of 0.05mm-2 is included, showing a significantly slower 

decay of effective visibility with pupil size than that obtained experimentally, as found with 

the SLM pupil control system. These results suggest that the analytical integration of the 
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Maxwellian SCE-I should not be applied to predict brightness variations across the entire 

pupil, and that a new model should be proposed. 

 

Figure 2-17: Experimental results obtained for the integrated visibility as a 

function of pupil diameter for 5 emmetropes. Error bars indicate ±1 SD. For 

comparison, an integrated Gaussian SCE-I function with directionality 

parameter 𝜌 = 0.05𝑚𝑚−2  (orange line) is shown. All plots have been 

normalized at 𝑑𝑝𝑢𝑝𝑖𝑙 = 1.4𝑚𝑚. 

 

2.4.  VO LU M E TR I C  L I GH T  ABS O R P T IO N  MO D E L  I N  

PHO T O R E CE P TO R S  

It is well known that photoreceptors have directional properties evidenced by microscopy 

studies of light transmission by cones and rods [110,111]. This has led to a number of 

waveguide-based models using analogies with optical fibres [50,112]. Nonetheless, it must 

be stressed that the transmitted light has obviously not been absorbed by visual pigments 

and thus it would not contribute to vision in the eye. Likewise, the tiny fraction of 

backscattered light used for high-resolution fundus imaging is caused by refractive index 

inhomogeneities that, although directional, do not contribute to vision [113,114]. 

Photoreceptor waveguiding can be ineffective due to weak refraction caused by the low 

contrast of refractive indices, the short length of inner and outer segments, irregular cellular 

surfaces and the dense packing of photoreceptors which will degrade light guiding as it 

breaks the ideal conditions of isolated waveguides. The elevated refractive index of 

mitochondria in the ellipsoid will partially redirect this light onto the OS and has been 

proposed to provide impedance matching between inner and outer segments [115]. 
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Moreover, light incident between the photoreceptors (or through photoreceptors without 

being absorbed) will reach adjacent cells. The slight elevation of the refractive index across 

the photoreceptors will still make transmitted light directional, but at the short distances 

across the retina, non-guided light will not be diminished [116] and makes it questionable 

whether non-guided light components can be effectively dampened without contributing to 

vision. This is exemplified by the self-screening explanation of the hue shift in the SCE-

II [38,39], the spectral dependence of the directionality [54] and possible leakage of light 

between photoreceptors in the TSCE [117,118]. Moreover, waveguide models fall short of 

explaining why only cones show a marked SCE directionality whereas rods do not [119]. 

As a result, it has recently been suggested that waveguiding may not be as fundamental 

for vision as commonly assumed [39,52]. 

Here, a new geometrical optics model based on the volumetric overlap between the 

illumination and OS visual pigments is proposed without enforcing waveguiding. 

Electromagnetic light propagation and absorption in the visual pigments will ultimately give 

a more accurate description [52] but a geometrical optics model is intuitively more 

appealing. Discussion is based around the geometrical overlap predictions for the 

conventional Maxwellian illumination as well as for the Newtonian view and the integrated 

SCE. 

Due to the relatively low density of visual pigment in the retina, only < 30% of incident 

light is effectively absorbed by the visual pigments. The fraction of absorption for a single 

ray of light can be expressed in terms of Beer-Lambert´s law and is proportional to the 

effective visibility: 

 
𝜂𝑒𝑓𝑓 ∝ 1 − 𝑒−𝛼𝐿 ≈ 𝛼𝐿 −

(𝛼𝐿)2

2
+

(𝛼𝐿)3

6
− ⋯ Eq. 8 

where 𝐿 is the total propagation distance across the OS with absorption coefficient 𝛼 =

𝑁𝜎𝑎𝑏𝑠, 𝑁 is the molecular density, and 𝜎𝑎𝑏𝑠 is the molecular absorption cross section. To a 

first approximation Eq. 8 becomes linear, i.e. 𝜂𝑒𝑓𝑓 ≈ 𝛼𝐿, when the absorption by visual 

pigments is low. Thus, the effective visibility is determined as the intersecting volume of the 

OS and the incident light beam. The effective visibility is determined by the ratio of the 

intersection volume of the illumination beam and outer segments, 𝑉𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡, with respect to 

the volume of the illumination, 𝑉𝑙𝑖𝑔ℎ𝑡, i.e., 

 
𝜂𝑒𝑓𝑓 =

𝑉𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡
𝑉𝑙𝑖𝑔ℎ𝑡

⁄ . Eq. 9 

This ensures normalization had visual pigments been present everywhere across the 

illuminated retina. The intersection overlap integral is numerically calculated using 

COMSOLTM. 
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2.4.1.  V O L U M E T R I C  O V E R L A P  F O R  M A X W E L L I A N  SCE  

C H A R A C T E R I Z A T I O N  

An elongated cylindrical beam of parallel light rays was implemented as illumination model 

representative of a collimated plane-wave illumination, and its intersection volume with an 

array of cone-photoreceptor outer segments was determined at different angles of 

incidence. A schematic for blue, green and red light beams reaching the retina at an angle 

is shown in Figure 2-18. The diameter of the light beam is chosen to be inversely 

proportional to the square-root of density of cones of a certain kind including the intracellular 

space [120], as neighbouring cones of the same type will have a screening effect on that 

being analysed. The beam has been rotated about the midpoint of the outer segment, or 

group of outer segments. This situation represents an average across a large retinal patch 

where light rays will intersect outer segments at random points along their axes. However, 

if the incident beam is rotated about the entrance to the outer segments instead, the 

distributions in Figure 2-19 narrow. 

 

Figure 2-18: Volumetric overlap model for absorption in outer segments. In 

Maxwellian view, light reaches the outer segment at a certain angle as a 

cylindrical beam of blue, green and red light, where the diameter is 

proportional to the density of cones of each type S(blue), M(green) and 

L(red). The lined greyed-out areas correspond to the overlapped volume 

between the incident light and the outer segments where each light is 

absorbed. 

 

The estimated effective visibility found from Eq. 9 is plotted in Figure 2-19 (left) for 

different outer segment diameters (dotted lines) and length (solid lines). The drop in 

predicted visibility with increasing obliqueness at the retina is reminiscent of a Gaussian 

SCE function although some differences should again be expected due to the linearization 

of Eq. 8. The results for a single cone fit a Gaussian directionality with ρ in the range of 

0.049mm-2 (for 50µm length and 2.0µm diameter) to 0.100mm-2 (for 60µm length and 1.5µm 

diameter). These values are in good agreement with expectations from the 
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literature  [29,35,121]. It can be observed that wider OS result in a slightly less pronounced 

drop-off with obliqueness, while longer OS provide steeper visibility curves. When groups 

of adjacent cones contribute, the estimated directionality from Figure 2-19 (right) is 

0.049mm-2 (one cone), 0.019mm-2 (two cones), 0.012mm-2 (three cones), and 0.010mm-2 

(seven cones), but the actual foveal cone distribution will result in a weighted average of 

these values. In consequence, the volumetric intersection model also suggests a plausible 

explanation for the much diminished parafoveal rod directionality since these cells are 

surrounded by the same cell type. Leakage between rods will flatten the effective visibility 

versus angle of incidence, causing a lack of directionality for scotopic vision. 

 

Figure 2-19: Normalized effective visibility determined as the volumetric 

intersection between a cylindrical light beam representative of Maxwellian 

plane-wave illumination scaled in width to match the number of OS, and 

cylindrical OS spaced 𝑑𝑠𝑝𝑎𝑐𝑖𝑛𝑔 = 1.3𝑑𝑜𝑢𝑡𝑒𝑟. In a) the intersection is with a 

single OS of length 50μm (blue) or 60μm (red) whereas in b) with one 

(blue), two (green), three (red) and seven (purple) adjacent OS with 50μm 

lengths. The diameter of each OS is 2.0μm (solid line) and 1.5μm (dashed 

line). The small diagram above each plot shows the OS (grey cylinders) 

and the surrounding obliquely-incident light beam (blue). 

 

The effective visibility variations predicted by the volumetric absorption model plot is 

superposed to the experimental data obtained for subject 1 (AC) when characterising the 

SCE-I with Maxwellian illumination under green light in Figure 2-20. For this case, a single 

OS is selected of 2µm in diameter and 50µm long intersecting with a cylindrical light beam 

of diameter inversely proportional to the square-root of a cone density of 160,000/mm and 
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a 30% correspondence of M-cones. A fair agreement is noted between the experimental 

data and modelled absorption results. The SCE-I may change with wavelength, luminance, 

axial length or cone dimensions in relation to its type and retinal location, as will be seen 

further on in this thesis. However, the volumetric absorption model can account for these 

changes. 

 

Figure 2-20: Direct comparison for subject 1 (AC) between the SCE-I 

characterised in Maxwellian (red) illumination measured using 550nm light, 

and the volumetric model (green line) using a single OS of 2µm diameter 

and 50μm in length and a cylindrical light beam inversely proportional in 

width to the OS density. 

 

2.4.2.  V O L U M E T R I C  O V E R L A P  I N  N O R M A L  V I S I O N  

For a conical beam focused onto a single cylindrical outer segment, the intersection volume 

can be calculated analytically. The model is shown schematically in Figure 2-21 for a single 

illuminated point on the retina with straight rays across the outer segments and a slight 

leakage to neighbouring outer segments. Rays are confined within individual outer 

segments if entering the eye through a small pupil 𝑑𝑝𝑢𝑝𝑖𝑙 = 𝑓𝑒𝑦𝑒𝑑𝑜𝑢𝑡𝑒𝑟 𝐿𝑜𝑢𝑡𝑒𝑟⁄ , which for 

foveal cones equals 0.6– 0.9𝑚𝑚. For the shorter parafoveal cones (𝐿𝑜𝑢𝑡𝑒𝑟 ~ 20– 30𝜇𝑚), the 

angular spread of rays confined within the outer segments is approximately matched to the 

natural pupil size. Consequently, only a tiny fraction of the light can enter adjacent 

photoreceptors unless the pupil is large. These neighbouring cells will be less likely to 

absorb the light both due to the smaller intersection volume and the possibility that they 

belong to a different cone class (S, M or L). Light may strike the outer segment at any point  
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Figure 2-21: Volumetric overlap model for absorption in outer segments. 

Light reaches the outer segments as a conical beam that diverges again 

across their length. The schematic representation of the focused light 

represents the angular spread of wavevectors that contribute to the point-

spread-function. 

 

on or off axis or between the cells. Thus, the overlap is that between a single, or multiple 

outer segments, and a beam of light represented by a truncated cone with apex size equal 

to the circle enclosing the outer segments, and apex angle set by the angular limit of the 

contributing rays. The intersection volume equals the total volume of illuminated outer 

segments, and the effective visibility is the ratio with respect to the volume of the light beam. 

To ease visualization, the volumetric overlap integral has numerically been implemented in 

COMSOLTM. Figure 2-22 shows the overlap between a truncated cone of light with 

respectively one and seven adjacent identical outer segments. 

 

Figure 2-22: Volumetric overlap model simulated in COMSOLTM with one 

(left) and seven(right) hexagonally packed outer segments (grey cylinders) 

with 50µm length, 2.0µm diameter and 2.6µm spacing, and light rays being 

incident from a 4mm pupil forming a cone of divergent light (blue). 
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This principle is here also applied to a 1.5mm aperture horizontally scanned across the 

pupil,  obtaining a volumetric absorption model (solid line) to fit the experimental data of the 

SCE-I measured in Newtonian view using an OS of 2µm in diameter and 50µm length with 

a beam of incident light in the shape of a truncated cone with an inner diameter equal to 

the OS diameter and an outer diameter calculated by the pupil aperture size. The 

experimental (blue non-filled squares) and modelled data (solid line) is presented showing 

a good fit in Figure 2-23. In this case diffraction caused by the small aperture on the pupil 

has not been considered but could be taken into account by adjusting the inner diameter 

size of the truncated cone of light incident on the photoreceptors. Further pursuing these 

aspects, could possibly facilitate better understanding of the differences in VA seen in 

section 2.2 and its relation to the SCE-I in Newtonian view. 

 

Figure 2-23: Direct comparison for subject 1 (AC) between the SCE-I 

characterised in Newtonian illumination (blue) measured using 550nm 

light, and the volumetric model (green line) using a single OS of 2µm 

diameter and 50μm in length, and a truncated cone light beam from a 

1.5mm pupil aperture and coincident with the OS diameter. 

 

Extending the principle to full centred pupil apertures of different size, the integrated 

SCE was modelled. Figure 2-24 shows the resulting effective visibility calculated from Eq. 

9 and normalized to a 1.4mm pupil for OS of slightly different length and diameter with OS 

acting individually or in groups of 7, 19 and 37 identical adjacent OS containing the same 
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type of visual pigment. The effective visibility drops off slightly faster with increasing pupil 

size for smaller outer segment diameter and/or increasing OS length.  

 

Figure 2-24: Effective visibility determined as intersection volume between 

a cone of light and cylindrical outer segments spaced by 𝑑𝑠𝑝𝑎𝑐𝑖𝑛𝑔 =

1.3 𝑑𝑜𝑢𝑡𝑒𝑟. The outer segment lengths are (a) 50µm and (b) 60µm, and the 

outer segment diameters are 2.0µm (solid line) and 1.5µm (dashed line). 

All plots have been normalized at 𝑑𝑝𝑢𝑝𝑖𝑙 = 1.4 𝑚𝑚. 

 

Results for the experimentally obtained visibility data variations with pupil size by the 

two methods presented in sections 2.2 and 2.3.2 using an SLM (red) and a motorized iris 

(blue) are compared in Figure 2-25 for the author. A faster decay of visibility is noted when 

the SLM is used to create the pupil apertures, however this may relate to the calibration 

process carried out for this system mentioned in section 2.2. The solid green line represents 

the effective visibility using the volumetric absorption model using a 2µm cylindrical OS of 

length 50µm, while the orange dotted line is the result of the analytical integration of the 

SCE-I measured at discrete pupil entry positions. The integrated visibility data makes a 

significantly better fit to the volumetric intersection model than direct integration of a 

Gaussian SCE-I function, which suggests a significantly slower reduction in effective 

visibility with increasing pupil size than observed experimentally. Similar results are 

obtained for the remaining subjects and the experimental data can be fit to the volumetric 

model in a similar manner, as can be seen from Figure 2-14 and Figure 2-17. The results 

emphasize the need to incorporate the SCE in accurate eye modelling such as in the design 

of intraocular lenses [122]. The rapid reduction of integrated visibility for small pupils may 

also be relevant for aperture inlays used in the treatment of presbyopia [123]. It is important 

for the development of improved retinal models that better relate calculated retinal images 

to vision by taking the detailed photonic structure of the retina and pigments into 
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account [52] and where the geometrical optics absorption model in combination with wave 

models including both guided and nonguided components should ultimately provide a more 

accurate description. 

 

Figure 2-25: Experimental results for subject 1 (AC) for the integrated SCE 

measured using an SLM (red) and a motorized iris (blue) to control the 

pupil apertures. The volumetric intersection volume using single OS of 2µm 

diameter and 50μm in length (green solid line) is fit to the results and the 

analytically integrated Gaussian SCE function with directionality 𝜌 =

0.05𝑚𝑚−2 is shown for comparison (Orange dashed line). 
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3.  DIRECTIONAL LIGHT-CAPTURE EFFICIENCY 
DEPENDENCE OF PHOTORECEPTORS  

 

In this chapter, variations of the SCE-I under three different conditions are 

reported [a]. First, the dependence of the directionality parameter with the 

luminance level of the reference field ranging from scotopic to photopic 

conditions are compared. Secondly, the effect of the wavelength variation is 

analysed within the visible and near-infrared spectrum under two types of retinal 

illumination: (1) Maxwellian illumination using the DMD flicker system described 

in section 2.1 [a], and (2) Newtonian illumination using the pupil flicker system  

with a motorized iris from section 2.2. Lastly, the SCE-I is characterized at 

different retinal locations ranging from the foveal to 7.5o parafovea. All results 

are discussed in relation to the absorption model for visual pigments taking the 

OS packing and thickness of the neural retinal into account, without enforcing 

photoreceptor waveguiding [b]. 

Based on: 

a. A. Carmichael Martins and B. Vohnsen, "Directional light-capture 

efficiency of the foveal and parafoveal photoreceptors at different 

luminance levels: an experimental and analytical study" Biomedical 

Optics Express 10 (8): 3760-3772 (2019). 

b. B. Vohnsen, A. Carmichael Martins, N. Sharmin, S. Qaysi, and D. 

Valente, "Volumetric integration model of the Stiles-Crawford effect 

of the first kind and its experimental verification," J. Vis. 17, 18 (2017). 

 

Throughout the literature, the characterization of retinal directionality has been performed 

in different ways obtaining a variety of results. Differences in the optical pathways of the 

systems used, the attributes of the test and reference fields on the retina, the retinal 

locations or the characteristics of the eye being measured could all influence the results. 

Therefore, the need arises to analyse the influence these conditions may have on the 

characterization of the SCE-I, using the same optical systems and subjects for a direct 

comparison [124].    



- 53 - 
 

3.1.  LU M I NA NC E  DE PEN D EN CE  O F  T HE  ST I L E S -CR A WF O R D  

EF FE CT  O F  T HE  F IR S T  K IN D  

The SCE-I is typically measured in photopic conditions where only the cone photoreceptors 

contribute to the visual sensation, as in scotopic conditions rods show a highly diminished 

directionality effect [119,125]. Using the uniaxial flicker system with a DMD described in 

section 2.1, the dependence of the SCE-I with luminance of the reference field with a 

spectral bandwidth of 22nm centred at 550nm was tested in the right eye of 4 emmetropic 

subjects. The power at the exit pupil of the system was measured with a power-meter and 

converted to luminance in the logarithmic scale. Numerical values of the tested powers are 

included in Table 3-1. 

Table 3-1: Luminous power measured at the optical system’s exit pupil 
using a power meter accurate up to ±0.005µW, and corresponding 
luminance values. 

Power (μW) Luminance (cd/m2) 

0.007 0.003 

0.277 1.297 

0.709 3.320 

1.919 8.986 

 

Here, the effect of the different luminance values on the SCE-I were tested both for 

foveal and 5° nasal parafoveal retinal regions. For measurements in the latter case, a green 

fixation LED was mounted on a moveable stage and placed at the first conjugate plane to 

the retina within the uniaxial flicker system. This allowed the subjects to maintain a steady 

position of their eye while the reference and test fields were incident on a specific region in 

the parafoveal retina. A reduced schematic of the adapted system can be seen in Figure 

3-1.  

The colour-coded graphs representing the scotopic, mesopic and photopic areas in 

Figure 3-2 show the psychophysical results of the directionality parameters measured with 

different luminance levels at the fovea (left) and at 5°  nasal parafovea (right). At low 

brightness, the SCE-I is not playing any significant role as only rod photoreceptors are 

contributing to vision as expected from previous studies  [119,125], but directionality is seen 

to increase rapidly once cones begin to contribute to the visual sensation produced. A 63% 

increase is observed for a luminance rise of 1.294cd/m2 (grey zone). After this point, the 

directionality appears to plateau, within the error, to an average value of 𝜌 =  0.052𝑚𝑚−2 

at the fovea and 𝜌 =  0.041𝑚𝑚−2  at the parafovea. On average, a 30% reduction is 

observed at 5°  nasal retina to that at the fovea. This differs from other parafoveal 
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measurements done by others  [36,126], which found that the directionality parameter at 

10° nasal parafovea was up to 60% higher, on average, than that at the fovea. This may be 

 

Figure 3-1: Schematic of the uniaxial flicker system using a DMD to 

characterize the monocular SCE-I equipped with a LED fixation point. 

Section a) shows the reference field impinging on the fovea, while b) 

represents an off-axis pupil entry position of the test field for a parafoveal 

retina measurement. The DMD, diffuser and eye’s pupil are placed at 

conjugate planes by a unit magnification 4-f system to create a Maxwellian 

view. 

  

 

Figure 3-2: Psychophysical dependence of the SCE-I with brightness 

variation measured with 550 nm light at the fovea (left) and at 5 degrees 

nasal retina (right) for 4 emmetropic subjects, covering scotopic, mesopic 

and photopic luminance conditions. Error bars correspond to ±1 S.D. 



- 55 - 
 

 

a consequence of the different measurement techniques as previously mostly two-channel 

systems were used. For all further measurements to follow in this chapter, a luminance 

level of 2.885cd/m2 was chosen, corresponding to the mid-range of mesopic visual 

conditions. 

Regarding the volumetric absorption model, the dimensions of the OS used throughout 

this thesis are approximate values and can easily be varied to analyse different scenarios. 

As has been mentioned previously, a narrower OS will result in a slightly reduced drop-off 

with obliqueness whereas a wider OS will result in a slightly increased drop-off (differences 

<5%). In turn, a shorter OS will result in a slower drop-off and a longer OS in a faster drop-

off with obliqueness (differences up to ~30%). Variations in the intersection volume with 

respect to the length and diameter of an individual cylindrical OS are represented in Figure 

3-3. The experimental data has here been fit to the volumetric absorption model of 

photoreceptors where the luminance levels were modelled by adjusting the cylindrical OS 

lengths, as lower luminance will be absorbed before reaching the end of the OS. The effect 

of the retinal region is accounted for through (1) the grouping of cones of the same kind, 

where 3 grouped cones are assumed for the fovea and single ungrouped OS are assumed 

for the parafovea, and (2) the length of the OS, which are known to shorten with distance 

to the foveal pit. A cone density of 160,000 cones/mm2 was assumed. The diameter of the 

OS was chosen to be 2µm and lengths were set to vary between 45 and 35µm for the foveal 

region and between 20 and 5µm for the parafoveal OS. 

 

Figure 3-3: Role of the OS length (left) and diameter( (right) in the 

calculation of the volumetric overlap between a single cylindrical beam of 

light and a cylindrical OS assuming green light with 30% M-cones and a 

foveal cone density of σ = 160,000 cones/mm2. 
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Psychophysical results for two subjects (AC and BV) are shown in Figure 3-4, including 

modelled visibility plots for each scotopic, mesopic and photopic conditions in both the 

foveal and parafoveal regions. The volumetric absorption model is seen to adequately fit 

the experimental data in most cases. In terms of the low directionality for rods, the large 

groupings of adjacent rhodopsin in the rod OS may well explain the low directionality [127] 

similar to the grouping effect for cones seen in Figure 2-19. 

 

Figure 3-4: SCE-I characterisation comparison between the normalized 

psychophysical experimental data for two subjects and the theoretical plots 

based on the volumetric absorption model at the fovea (left) and at 5o nasal 

parafovea (right), while varying their length to account for luminance levels. 

The plots for the mesopic and photopic luminance conditions have been 

vertically displaced 0.5 and 1 points, respectively. Error bars correspond 

to ±1 S.D. for the experimental data. The small diagram above each plot 

shows the OS (grey cylinders) and the surrounding obliquely-incident light 

beam (blue). 
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3.2.  WA V E LE NG T H  DEP E ND EN CE  O F  T HE  ST I L E S -CR A WF O R D  

EF FE CT  O F  T HE  F IR S T  K IN D  

The dependence of the directionality parameter, ρ, with wavelength has been known since 

W. Stiles’ further study into the SCE in 1937 [38], where the effect was found to be greatest 

(ρ = 0.072mm-2) in the blue end of the visible spectrum ranging from 440 to 720nm, and 

lowest (ρ = 0.053mm-2)  within the green, leaving the red light to have an intermediate effect. 

Similar tendencies have been seen in more recent studies [35] with the directionality 

ranging between 0.045 and 0.067mm-2 for a 470 to 670nm spectral range, but gradual 

reduction in the directionality has also been found toward the blue [114]. However, few have 

reported a full spectral analysis. Although some studies have reported directionality 

parameters at different wavelengths such as green light (0.045mm-2 measured at 

552nm) [47], or blue light (0.00072mm-2 or 0.0692mm-2 after correction of absorption in the 

crystalline lens, measured at 400.2nm) [128], most commonly, the SCE-I is characterised 

in the yellow to red spectral range with a diverse record of results. Directionality parameter 

values, gathered as the shape factor of the Gaussian SCE-I function, range between 

0.145mm-2 measured at 620nm [129], 0.054mm-2 at 621nm [130], 0.058mm-2  measured 

with orange-red light (Wratten No. 23A) [36], 0.052mm-2 at 633nm [131] and 0.047mm-2 

measured at 670nm [121] all along the horizontal axis across the pupil. As can be noticed, 

large discrepancies exist across the literature, where the optical systems used for the 

measurements and subject variability both play a role.  

Here, the wavelength dependence of retinal directionality is analysed for two cases: for 

the Maxwellian SCE-I in terms of the directionality parameter and as a direct comparison 

between experimental curves of the integrated SCE for different pupil sizes in normal 

viewing conditions. 

3.2.1.  M A X W E L L I A N -V I E W  S T I L E S -C R A W F O R D  EF F E C T  

The DMD-based uniaxial flicker system described in section 2.1 is here used to measure 

the Maxwellian SCE-I at three different wavelengths across the visible spectrum with 

bandwidths of 28, 22 and 30nm centred at 450 (blue), 550 (green) and 650nm (red) 

respectively, set with the MeadowlarkTM liquid-crystal tuneable colour filter in conjunction to 

a quartz halogen lamp with a multimode fibre bundle (NA=0.22). Furthermore, a near-

infrared (near-IR) laser (NewportTM, LQC785-100C) providing a narrow bandwidth centred 

at 785nm is here used, for the first time to our knowledge, to characterize the SCE-I in the 

near-IR. Due to the highly coherent nature of the laser light and it passing through the 
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diffuser, a speckled pattern caused by interference fills both the reference and test 

illumination fields. Vohnsen and Rativa [132] used a rotating diffuser at 80rpm to smooth 

out the visual impact of speckle without impacting the wavefront, but the use of coherent 

light did imply the absence of the integrated SCE, as the wavefront slope at the retina 

vanishes for symmetrical (annular or circular) incidence. However, in the current study, the 

SCE-I characterization was able to be performed in the same manner as for the visible light, 

due to the lack of symmetry. Subjects were asked to match the brightness of the full extent 

of the fields while trying to avoid fixating on a small area.  An image of the test field using 

the lamp with the colour filter (a) and the near-IR laser (b) can be seen in Figure 3-5.  

 

Figure 3-5: Image of the reference field used to measure the SCE-I with 

green light from a quarts halogen lamp filtered by a liquid-crystal 

wavelength selector at 550nm (a) and a near-IR laser emitting at 785nm 

(b) which creates a speckle pattern. 

 

The determined dependence of the SCE-I directionality parameter, ρ(λ), at the fovea with 

wavelength in the visible spectrum is shown in Figure 3-6 for the right eye of 5 emmetropes 

and 1 myopic subject wearing his/her personal correction. Three of the same emmetropic 

subjects also performed the measurements with near-IR laser light.  On average, the 

directionality parameter at the fovea measured in green light is 0.044±0.009 mm-2 and does 

not vary significantly when measured with blue light. However, on average, a 22% higher 

directionality is recorded for red and near-IR light. Only one subject is seen to have a 

noticeable increase in directionality between the red and the near-IR light, albeit with a large 

error in the latter case. The common dip in directionality for green light reported in the 

literature [35,38] is only seen for 3 of the 6 subjects (subjects 2, 3 and 5). The green 

wavelength is between the absorption maxima of M- and L-cone opsins. Thus, both M- and 

L-cones contribute to the sensation produced corresponding to a larger grouping of cones 

with similar absorption. In relation to the volumetric absorption model described in section 

2.4, Figure 2-19 shows that grouping of OS results in a reduction of the directionality 

parameter. At wavelengths away from the absorption maxima of the cone opsins the 
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absorption is less which may be modelled by either a lower 𝛼 in Eq. 8 or a shorter length 𝐿 

of the OS when compared to the wavelength of highest absorption. This also results in an 

effective reduction of directionality. The directionality differences between subjects 

regarding the dip with green light, may plausibly be due to different M- and L-cone densities 

although also the differences represented by error bars in Figure 3-6 may account for some 

of the variations. 

 

Figure 3-6: Plot of the directionality parameter measured at the fovea of 6 

subjects against the wavelengths. The asterisk (*) denotes a myopic 

participant. Error bars correspond to ±1 S.D. 

 

3.2.2.  IN T E G R A T E D  S T I L E S -C R A W F O R D  E F F E C T  

The direct integration of the SCE for different size pupil apertures was measured using the 

optical system described in section 2.3.2 with the motorized pupil at different wavelengths 

set by the colour filter. A total of 5 wavelengths were analysed from 450 to 650nm in steps 

of 50nm. The procedure followed by the subject was the same as that described in section 

2.3.2. The entire measurement process lasted approximately 2 hours/subject including a 

short rest when changing wavelength to avoid fatigue. 

The experimental results for the five subjects are shown in Figure 3-7. As can be seen, 

the effective visibility drops rapidly with increasing pupil size. Variations between sets of 

measurements are very small, with the exceptions of subject 5 and subject 3 who found the 

blue light difficult to see. The wavelength dependence shows some variations, but on 

average the decay with pupil size is most pronounced at short wavelengths and less steep 
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at longer wavelengths. With regard to the volumetric absorption model, the number of S-

cones in the fovea are few and thus with blue light the dependence comes closest to that 

of the single cylindrical outer segments. M- and L-cones are surrounded by cones of the 

same type or different types and are often grouped [133,134] with local densities being 

different for each individual but typically with more L- than M-cones. On average, it is more 

 

Figure 3-7: Experimental results obtained for the integrated visibility as a 

function of pupil diameter at five different wavelengths for the five subjects. 

Error bars indicate ±1 SD. The average for all subjects is also shown. All 

plots have been normalized at 𝒅𝒑𝒖𝒑𝒊𝒍 = 1.4mm. 
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likely that an L-cone has another L-cone as nearest neighbour than an M-cone has another 

M-cone as nearest neighbour. With more adjacent cones of the same type, the effective 

visibility decreases less due to the larger volume of identical visual pigments which is in 

qualitative agreement with the volumetric absorption model predictions in Figure 2-24. 

3.3.  TH E  ST I L ES -CR A WF O R D  EFFE C T  O F  TH E  F IR S T  K IN D  IN  

FO VE A L  AN D  PAR A FO V EA L  RE T I NA L  RE G IO NS  

Most SCE-I studies have been performed with foveal vision. Yet, the microscopic structure 

of the retina and the density of photoreceptors changes markedly towards the periphery. 

Westheimer [126] proposed to relate the variation in shape of the cones across the retina 

(i.e., rod-shaped at the fovea versus cone-shaped in the periphery) to an increase in 

directionality at eccentricities up to 3.75° in the temporal retina as determined with deep-

red light (Wratten filter 29). Enoch and Hope [36] found similar results up to 10° using light-

red light (Wratten filter 23A) but subsequently Bedell and Enoch [135], still using light-red 

light, reported a reduction in directionality to approximately foveal values at 35° eccentricity 

notwithstanding the very different shape of the parafoveal cones. In turn, scotopic vision 

shows a lack of directionality, as has been seen at the beginning of this chapter, despite 

the fact that rods are similar in shape to foveal cones. Together, these findings show that 

the shape of individual photoreceptors does not provide a satisfactory explanation of the 

SCE-I neither in photopic nor scotopic conditions, but rather the density of visual pigments 

is a possible cause [52,127]. Also, it has been suggested that dynamical phototropism 

differences between rods and cones might be involved [136]. Here, SCE-I measurements 

from the fovea to the parafovea retina using a uniaxial flicker system with a DMD [10] are 

reported at three different wavelengths within the visible spectrum.  

The right eye of 8 subjects, whose ocular measurements can be found in Table 2-1, 

were measured using green light at retinal eccentricities ranging from 5° temporal to 7.5° 

nasal in steps of 2.5° with the system described in section 3.1. Psychophysical results 

measured at 550nm can be seen in Figure 3-8. Overall, the SCE-I cone directionality 

parameter decreases with eccentricity, however, approximately a 10% increase is noted 

over the first step, at 2.5° from the fovea, which has been verified to occur in the nasal and 

temporal, as well as upper and lower retinal directions and is supportive of Westheimer’s 

findings [126]. Thereafter, 39% and 16% reductions are noted for consecutive 2.5 

eccentricity increases, respectively, reaching up to a 53% decrement at 7.5  nasal 

compared to the foveal value. This drop-off occurs at smaller eccentricities than found by 

Bedell and Enoch [135], who found a lower directionality at 35°. 
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Figure 3-8: Plot of the directionality variation with retinal eccentricity along 

the horizontal cross-section of the pupil for 8 subjects measured with green 

light (550nm). The asterisk (*) denotes myopic participants. Error bars 

correspond to ±1 S.D. 

 

Similarly, the SCE-I directionality was measured both at 450nm and 650nm 

wavelengths. For blue light (Figure 3-9 (a)) sequential directionality reductions of 10, 15 

and 21% per 2.5°  retinal increase are observed, albeit with higher variability between 

subjects. In the case of red light (Figure 3-9 (b)), a distinct 20% increase is observed again 

at 2.5°  nasal, temporal, upper and lower retina, followed by consecutive 25 and 23% 

reductions. A summary of all average directionality parameters and their respective 

percentages of reduction with respect to the ρ-value measured at the fovea for each 

wavelength are included in Table 3-2.  

 

Figure 3-9: Directionality parameter against retinal eccentricity plots 

measured using 450 nm (left) and 650 nm (right) wavelength light for 5 

emmetropic subjects including the authors. Error bars correspond to ±1 S.D. 
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Table 3-2: SCE-I directionality parameter values as an average of 4 

repetitions measured at each wavelength and retinal eccentricity, and the 

corresponding percentage of reduction with respect to foveal values. 

Wavelength 
Retinal 

direction 

Retinal 

eccentricity 

[deg.] 

Average 

directionality 

parameter, ρ [mm-2] 

Variation with 

respect to the 

fovea  

650 nm 

Temporal 
5 0.043 ± 0.012 -14 % 

2.5 0.056 ± 0.010 14 % 

Fovea 0 0.050 ± 0.005 - 

Nasal 

2.5 0.062 ± 0.008 23 % 

5 0.048 ± 0.015 -5 % 

7.5 0.036 ± 0.014 -28 % 

550 nm 

Temporal 
5 0.031 ± 0.011 -29 % 

2.5 0.049 ± 0.009 12 % 

Fovea 0 0.044 ± 0.010 - 

Nasal 

2.5 0.045 ± 0.011 3 % 

5 0.028 ± 0.009 -37 % 

7.5 0.021 ± 0.009 -53 % 

450 nm 

Temporal 
5 0.030 ± 0.015 -35 % 

2.5 0.044 ± 0.014 -4 % 

Fovea 0 0.046 ± 0.005 - 

Nasal 

2.5 0.041 ± 0.018 -10 % 

5 0.034 ± 0.010 -25 % 

7.5 0.025 ± 0.015 -46 % 

 

Based on the volumetric absorption model of photoreceptors described in section 2.4, 

the experimental data of the SCE-I for two subjects (AC and BV), normalized and re-

centred, are compared to the theoretical plots of light absorbance in accordance to the 

angle of incidence on the retina. In each case, a single photoreceptor OS was modelled as 

a cylinder with 2μm diameter and 45μm length at the fovea, and a tapered cylinder from 

3μm to 2μm and 35μm length at 5 nasal parafovea. Light beam diameters were obtained 

assuming a cone density of 160,000/mm2, 2.7µm centre-to-centre spacing, and scaling 

according to the percentage of each cone type, which varies with the wavelength of the 

light being used for the SCE-I psychophysical characterization. Both a single cone 

(parafovea) and a group of 3 adjacent cones (fovea) have been considered for best fit, 

taking into account the likelihood of a cone having neighbouring cones of the same type. 

Comparison plots can be seen in Figure 3-10, which include modelled differences in 

wavelength within the visible spectrum, and retinal locations. 
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Figure 3-10: SCE-I characterization comparison between the normalized 

psychophysical experimental data and the theoretical plots based on the 

volumetric light absorption model of photoreceptors at a) the fovea with 

45μm length cylindrical 2μm outer segments, and b) parafoveal retina with 

35μm length tapered outer segments from 3μm to 2μm, for two subjects (AC 

and BV), and 450, 550 and 650nm wavelengths. To ease comparison, 

curves at 550 and 650 nm have been vertically displaced 0.5 and 1 points, 

respectively. Error bars correspond to ±1 S.D. 

 

3.4.  D I S CU SS I O N  

The system used to characterize the psychophysical SCE-I provides directionality values 

at the fovea in good correspondence to those reported in the literature [34,35,38,121]. Its 

dependence with luminance at the pupil plane (Figure 3-2) has shown that in very dim 

conditions this effect is virtually imperceptible, confirming the lack of visual directionality of 

rod photoreceptors in scotopic conditions [119,125] and explained by the large grouping of 
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rhodopsin in adjacent rod OS [127]. The lower ρ-value measured at 5 nasal parafovea falls 

within prediction as the density of rods increases with eccentricity, and therefore the SCE-

I is diminished. A drastic increase in directionality is seen in the mesopic region, when both 

cone- and rod-photoreceptors produce the visual sensation. A threshold is set at 2.88cd/m2, 

after which the SCE-I maintains a constant contribution as luminance is increased up to the 

photopic region.  

The wavelength is seen not to have a great influence on the directionality parameter in 

the lower half of the visible spectrum but its impact increases towards longer wavelengths 

in Maxwellian view, as reported by Lochocki et al. [34], and stabilizing into the near-IR 

region where the same L-cones drive the visual sensation produced. In terms of the 

volumetric absorption model, a dip in directionality with green light may be explained by an 

increased contribution from both M- and L-cone opsins to the net absorption. In turn, when 

only a single cone type contributes to the sensation produced the directionality is expected 

to be higher due to a reduced screening by adjacent photoreceptors of a different cone 

class. Based on this model, blue light should show a higher directionality as the density of 

S-cones near the fovea is less than M- or L-cones. A possible explanation to not observing 

this in the experimental data may be related to the light spectrum of the quartz halogen bulb 

which is significantly less powerful at 450nm than at 550 or 650nm. To compensate the 

diminished intensity of the blue light, the bandwidth of the tuneable colour filter was 

increased from 22 to 30nm, range whereby M-cones may also contribute to the visual 

sensation produced. This effect becomes clearer when comparing visibility curves in normal 

vision with different pupil apertures, where effectively the steeper curves correspond to the 

shorter wavelength of the spectrum. 

The cone-to-rod ratio gradually reduces with distance from the fovea, causing the 

directionality parameter to diminish. The greatest appreciation of the effect is seen when 

measured using green light (Figure 3-8). The geometrical-optics volumetric absorption 

model has shown to fit well to this data. On one hand, as the density of cones lessens at 

higher eccentricities, the diameter of the modelled cylindrical incident light gets larger, as 

explained in section 2.4. This causes the modelled SCE-I curves to widen resulting in a 

lower directionality. On the other hand, photoreceptors located in the fovea tend to have a 

longer OS structure, which translates into a steeper curve provided by the model. Both 

these contributions are in good agreement with the experimental data seen in Figure 3-8 

and Figure 3-9, where lower directionality is found at higher eccentricities and complies to 

results reported by Morris et al. [137]. However, consistent differences between the 

modelled SCE-I curve and the experimental data noted nearer the edge of the pupil in 

Figure 3-10, could be caused by light propagating from the modelled OS into its 
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neighbouring cones of a different kind due to the overlap of the absorption spectra of each 

type of photopsin. Inclusion of one more term in the series expansion of Eq. 8 will reduce 

the predictions at the periphery of the modelled results further. For example, if measuring 

with 28 nm bandwidth red light centred at 650 nm, M-cones neighbouring an L-cone can 

absorb a fraction of light according to the overlap of its absorption and incident light spectra. 

To best fit the model to experimental data, the addition of the percentages of each cone 

type exceeds 100%, which can also be explained by spectral overlaps between the 

photopsins absorbance and that of the incoming light. Finally, this effect may also account 

for the hue shift described by the SCE-II, as more oblique incidence will result in more light 

leakage reaching neighbouring cones with a different spectral sensitivity. Thus, the SCE-II 

hue shift is absent when incident on axis of the photoreceptors but increases with 

obliqueness and towards both ends of the visible spectrum in agreement with 

measurements and expectations [38,55]. Taking the volumetric model one step further to 

account for partial absorption by other photoreceptors will be carried out in future studies. 
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4. THE IMPACT OF MYOPIA ON THE STILES-
CRAWFORD EFFECT OF THE FIRST KIND 

 

The role the SCE-I may play in the development of myopia is yet to be 

understood, although directionality differences have been observed in highly 

myopic subjects. Here, the relationship between foveal SCE-I directionality, 

axial eye length and defocus is analysed for emmetropic subjects wearing 

ophthalmic trial lenses during psychophysical measurements and for myopic 

subjects with their natural correction [a]. Establishing a clear link between 

them, may play a role for emmetropization and thus myopic progression, as 

cone photoreceptors capture light from a wider pupil area in elongated eyes 

due to a geometrical scaling.  

Based on: 

a. A. Carmichael Martins and B. Vohnsen, "Analysing the impact of 

myopia on the Stiles-Crawford effect of the first kind using a digital 

micromirror device," Ophthalmic Physiological Optics 38, 273–280 

(2018). 

For foveal vision, the point of maximum visibility is located near the pupil centre, coinciding 

with the common pointing direction of the retinal cone photoreceptors. In the case of a 

myopic eye, the axial length is typically greater than that of an emmetropic eye [43] , and 

therefore, the pointing direction of the foveal cones will likely be closer to the visual axis. A 

study by Choi et al. [37] in 2003 performed with emmetropes, moderate myopes and high 

myopes, analysed differences in both photoreceptor pointing direction and acceptance 

angles by looking at the peak position and shape factor of the SCE-I function, respectively. 

The research reported a reduction in the directionality parameter across the retina with 

increasing myopia, although differences between moderate myopes (in this case from -3D 

to -5D of refractive correction) and high myopes were non-significant. The largest ρ-values 

were found for emmetropes. Relatedly, the study by Choi et al. reported a small nasal shift 

of the SCE-I peak location for myopes that increased significantly at large eccentricities in 

the nasal retina. An earlier study by Westheimer [88] found also a nasal shift of the SCE-I 

peak location in some myopes with a direct impact on visual function when viewing a patch 

of blur through a dilated pupil. Another study relating the SCE-I to myopia was carried out 

by Lochocki and Vohnsen [35], who suggested a geometrical scaling between the 
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directionality parameter of a myopic eye (𝜌𝑀) to that of an ideal emmetropic eye (𝜌). This 

relation was written as: 

 
𝜌𝑀 = (

𝑓𝐸

𝐿
)

2

𝜌 ≃ [1 + 𝐷𝑓𝐸]2𝜌 Eq. 10 

where, for an idealized emmetropic eye, 𝑓𝐸 = 22.2𝑚𝑚 is the effective focal length, 𝐿 = 𝑓𝐸 +

∆𝑓  is the axial eye length where ∆𝑓  denotes a corrective term that accounts for any 

additional length, and 𝐷 < 0 is the required dioptres of refractive correction for the myopic 

subject. This scaling follows from the fact that to achieve the same angle of incidence on 

the retina as for an emmetropic subject, and thus the same visibility, it is required to relocate 

the entrance point of light further away in the pupil plane for the axially elongated eye. 

Here, two cases are examined as shown schematically in Figure 4-1 [138]: (a) 

emmetropic subjects wearing trial lenses with positive power to mimic uncorrected myopia 

and (b) myopic subjects with varying axial length wearing their natural correction during 

SCE-I characterization. The first case provides valuable insight, but it is the latter that is of 

most practical importance. As previously, cone photoreceptors are assumed to point 

towards a common pupil point and geometrical scaling is used to relate the SCE-I 

directionality of an ideal emmetropic eye to the directionality found in the two cases. 

 

Figure 4-1: Schematic of the geometrical optics approach assuming (a) 

emmetropic 22.2 mm axial length eye mimicking myopia with a positive 

trial lens 14mm in front of the eye, and (b) a refractive corrected myopic 

eye with increasing axial length and thus a correspondingly smaller angle 

of incidence of light onto the retina for the same pupil entrance point as an 

emmetropic eye. Changes in angles and axial length are exaggerated for 

clarity. 

 

The ophthalmic trial lenses used to mimic myopia alter the angle of incidence on the 

retina by adding their optical power to that of the eye itself (see Figure 4-1(a)). The use of 

trial lenses before the eye causes shifts in the entrance position of the test patterns at the 

pupil plane. The corresponding values to the entrance pupil position from the pupil centre 
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are stated in Table 4-1 for each trial lens and test pattern used. These data were obtained 

using a CCD camera in the plane of the eye pupil. The additional refraction induced by the 

trial lens, is what was used to mimic myopia in the emmetropic eyes. It should be stressed 

that a slight shift at the retinal plane also occurs and is somewhat corrected by a change in 

slight gaze while performing the measurements. It leaves this approach to be strictly valid 

only for small shifts that keep the illumination within the foveal area. Due to possible further 

complications in entrance pupil location, the second part of this study including myopic 

subjects provides a better verification of the geometrical scaling model.  

Table 4-1: Pupil entry location differences in mm measured from the centre 

of the pupil caused by the different trial lenses, which were placed on a 

spectacle mount at approximately 14mm from the subject's eye. 

Test pattern No lens -3D Lens 3D Lens 6D Lens 9D Lens 

1 

2 

3 

4 

5 

Centre 

7 

8 

9 

10 

11 
 

-3.346 

-2.671 

-2.006 

-1.340 

-0.674 

0 

0.666 

1.332 

1.997 

2.671 

3.337 
 

-3.480 

-2.780 

-2.063 

-1.367 

-0.648 

0.077 

0.640 

1.359 

2.055 

2.780 

3.471 
 

-3.285 

-2.641 

-1.996 

-1.355 

-0.704 

-0.041 

0.695 

1.347 

1.988 

2.641 

3.277 
 

-3.175 

-2.555 

-1.947 

-1.340 

-0.734 

-0.104 

0.725 

1.332 

1.939 

2.555 

3.167 
 

3.023 

2.425 

1.859 

1.312 

0.742 

0.194 

0.733 

1.303 

1.850 

2.425 

3.014 
 

 

To correct vision for the mimicked myopic eyes, a corresponding negative power is 

needed. Thus, the predicted reduction in directionality follows this relation: 

 𝜌𝑀 ≃ [1 + 𝐷𝑓𝐸]2𝜌 ≃ (1 + 2𝐷𝑓𝐸)𝜌 Eq. 11 

where the approximation is valid in the limit of |𝐷𝑓𝐸| ≪ 1. Given the modest variation of the 

light on the retinal plane caused by the trial lens, the gaze of the eye is inevitably varied to 

achieve foveal response during the pupil scan, such that the deviation is corrected for any 

point of entrance. Therefore, Eq. 11 is satisfied. However, this uncontrolled visual correction 

led to the urge for further verification with myopic subjects, carried out in the second part of 

this study. 
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For corrected myopic subjects with increased axial length (∆𝑓 > 0) , the predicted 

reduced directionality can be estimated from the following relation (see Figure 4-1b): 

 

𝜌𝑀 = (
𝑓𝐸

𝑓𝐸 + ∆𝑓
)

2

𝜌 ≃ (1 −
2∆𝑓

𝑓𝐸
) 𝜌 Eq. 12 

where the approximation is valid in the limit of 
∆𝑓

𝑓𝐸
≪ 1. 

To gain further insight into the role that the SCE-I may play on myopia, a set of 

ophthalmic trial lenses ranging between -3D for a slightly hyperopic perception, up to +9D 

for a highly myopic viewpoint are used to mimic this visual impediment. The measured 

values of the directionality in this case are compared to those obtained by Eq. 11. 

Additionally, the relation between the axial length measured with an ultrasound device, and 

the SCE-I for corrected myopic subjects is addressed and related to the directionality 

obtained by the geometrical model when a corrected myopic eye is considered. 

The uniaxial flicker system using the DMD from section 2.1 is here used to characterize 

the SCE-I. The effective directionality parameter is determined for emmetropes while 

mimicking the impact of myopia and comparing it to the directionality values found for 

myopic subjects. 

E X P E R I M E N T A L  P R O C E D U R E  

The procedure followed to characterize the SCE-I at the fovea was the same as that 

explained in section 2.1. Here, two measurements were performed: 

Part 1. The directionality of 5 emmetropic subjects, whose refractive errors range 

between ±1D, was analysed while wearing trial lenses ranged between -3 and 9D, as well 

as their own refractive correction also through trial lenses. Here, the minor shifts in entrance 

pupil position caused by the trial lenses have been accounted for. 

Part 2. The directionality for 16 subjects, 6 emmetropes and 10 myopes, with refractive 

errors ranging from +1 to -14D, was measured while wearing their personal spectacles 

when available, and the relation with their axial eye length was analysed. 

Specifications of all subjects taking part in this study are included in Table 4-2. The 

refractive errors were determined using an auto-refractor (EyeNetraTM), and the axial eye 

lengths were measured using an ultrasound biometer device (PalmScan A-2000 by Micro 

Medical DevicesTM). 
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Table 4-2: Axial lengths and spherical refractive corrections measured for 

the right eye of all subjects. 

Subject Age (yr.) Axial Length (mm) Refractive correction (D) 

1 (AC) 27 22.45 ± 0.03 +1.00 

2 25 22.71 ± 0.05 -0.75 

3 27 22.81 ± 0.01 -0.75 

4 (BV) 48 23.11 ± 0.05 0.00 

5 31 23.40 ± 0.03 -0.75 

6 33 23.81 ± 0.03 -1.00 

7 49 24.20 ± 0.02 -4.50 

8 27 24.42 ± 0.04 0.00 

9 51 24.74 ± 0.08 -4.25 

10 22 25.13 ± 0.04 -4.00 

11 23 25.16 ± 0.05 -3.75 

12 35 26.73 ± 0.03 -6.50 

13 46 27.46 ± 0.05 -7.75 

14* 28 27.49 ± 0.03 -2.50 

15 50 28.58 ± 0.25 -14.00 

16 64 30.40 ± 0.46 -12.25 

 

R E S U L T S  

The directionality parameter of the SCE-I corresponding to five subjects using trial lenses 

of 3, 6 and 9D to mimic myopia are plotted in Figure 4-2. An additional measurement using 

a -3D lens to mimic hyperopia was included for verification purposes. The results show a 

negative slope of the SCE-I directionality parameter with increasing myopia, given that a 

clear reduction of the ρ-value is measured as the defocus is increased. For all subjects here 

measured, approximately a 10% decrement is registered for the 3-dioptre increment 

between mimicked hyperopia and emmetropic vision, and a 16% is registered for the first 3 

dioptre increase of mimicked myopia, which rises up to 30% per 3 dioptres between the last 

two trial lenses. The results of the ρ-value predicted by Eq. 11 for each degree of refractive 

correction is plotted on the same graph.  

As mentioned, the refractive correction of a myopic subject is known to increase with 

the axial length of the eye, although the corneal curvature, in both central and peripheral 

regions, also plays a role [139]. Therefore, the refractive correction does not directly 

correlate to the axial length, as can be noted in Table 4-2, where the values of the axial  
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Figure 4-2: Plot of the measured directionality parameter values against 

the power of the trial lenses to mimic different degrees of myopia, and 

predicted ρ-values with the geometrical relation for different refractive 

corrections assuming a constant effective axial length. Error bars 

correspond to ±1 S.D. 

 

lengths and refractive errors are presented for all subjects. To understand how the axial 

length can influence the directionality, the two measurements are plotted against each other 

in Figure 4-3 and approximated to a linear fit of slope -0.002mm-2 per mm axial length 

(R2=0.22 and p-value=0.06). Here, the directionality parameters were determined for all 

subjects, including both emmetropes and myopes while correcting vision with their personal 

spectacles. 

The peak of the Stiles-Crawford effect function with respect to the pupil centre (𝑟0) has 

been determined and analysed for all measurements. The peak location versus axial eye 

length for all of the subjects is plotted in Figure 4-4, where positive peak displacements 

indicate a nasal direction (R2=0.05 and p-value=0.43). Most emmetropic subjects showed 

that the receptors are pointing more-or-less towards the centre of the pupil with a slight 

temporal tendency. However, these results are not found to be statistically significant and 

similar results are obtained when related to the refractive correction of the subjects. 

Regarding previous studies on this matter, the nasal tendency reported by Choi et al. [37] 

was only large for the SCE-I measurements in the nasal parafoveal region. At the fovea the 

possible shift in the peak location for high myopes was very small (< 0.11mm) and it only 
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Figure 4-3: Plot representing the axial length of the right eye of the subjects 

against their directionality parameter, where error bars correspond to ±1 

standard deviation. A linear fit of slope -0.0023 ± 0.0013 mm-2 per mm axial 

length is shown in red. The asterisk (*) denotes a subject who had LASIK 

surgery. 

 

 

Figure 4-4: Plot of the SCE-I function peak position from the pupil centre 

against the axial eye length for all subjects. A linear regression of slope 

0.05±0.06mm of displacement per mm axial length and R2=0.0455, is 

shown in red. 
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increased significantly for parafoveal measurements in the nasal retina (~1mm at 10o 

nasal). In turn, in the earlier study by Westheimer [88] of 10 moderate myopic subjects 

approximately one half showed an asymmetrical SCE-I. Only data for Westheimer’s own 

right eye (-6.5D) were shown in the manuscript with an approximately 2mm nasal shift of 

the SCE-I peak, which is much larger than any of the values found in our study or in Choi 

et al.’s study for foveal vision. 

D I S C U S S I O N  

In the first part of this study, the results presented in Figure 4-2 substantiates a distinct 

reduction in the directionality parameter of the SCE-I with the increase of defocus when 

mimicking myopia by use of ophthalmic trial lenses for emmetropic subjects. An initial 16% 

decrease for the first 3 dioptre increase (or 10% for hyperopia) of lens power is registered 

for all 5 subjects, which is in fair agreement to the geometrical relation in Eq. 11, that 

predicts a 10% reduction of the directionality for every 3D increase, assuming an effective 

axial length of 22.2mm. However, for higher powers of the lenses, the reduction rises to 

20% and 30% consecutively for the following 3D increments. Although these exhibit a 

pronounced reduction, it must be taken into account that the axial length variations have 

not been considered in the geometrical relation and the translation of the test light at the 

retina for different pupil entrance points becomes increasingly problematic with higher 

optical power. 

In the second part of the study, a slightly decreasing tendency in the directionality 

parameters is observed with larger axial eye lengths (plotted in Figure 4-3). For smaller 

axial length, the decreasing tendency is seen to be more pronounced, while as the 

elongation increases, this tendency is modestly lower on average. The subject marked with 

an asterisk had LASIK surgery to remove -5.5D of myopia 7 years before the measurements 

were taken. Given that the surgery does not affect the length of the eye and although a 

large axial length was registered, the anticipated drop in directionality could have been cut 

back. Subject number 13 was the quickest in performing the measurements which could 

possibly have impacted the results.  

Making use of Eq. 12, the slope can be written as: 𝑠𝑙𝑜𝑝𝑒 = − (
2

𝑓𝐸
) 𝜌, and taking the 

values of 𝑓𝐸 and 𝜌 to be the average of that of the emmetropic subjects here considered, a 

theoretical slope of -0.0039mm-2 per mm of axial length, is obtained. Thus, both the 

theoretical and experimental slopes calculated are in fair agreement. Apart from the 

geometrical reduction in directionality with increasing axial length, an additional drop in 

directionality may be expected in case of cone disarray. This may be the case of subject 

number 16 who showed a very low directionality. However, the fluctuations between 
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subjects with large axial lengths are rather diverse and, therefore, further measurements 

involving a larger number of highly myopic subjects could offer better insight. In most 

emmetropes, the peak of the SCE-I function fell very near the pupil centre and a slight nasal 

tendency was found for myopic subjects, although these differences were not found to be 

statistically significant.  

Noticeable differences between the shapes of plots representing the visibility and the 

radial pupil distance are observed for different subjects, ranging from a typical Gaussian, 

as seen in Figure 1-6, to those resembling a pulse function with rounded corners. As 

suggested by Rativa and Vohnsen [114], approximating the SCE-I results to a Super-

Gaussian function, could in some instances provide a better fit and, thus, more accurate 

directionality parameter values. 
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5. WAVEFRONT SENSING USING A DIGITAL 
MICROMIRROR DEVICE 

 

Common Hartmann-Shack wavefront sensors use lenslet arrays to sample 

optical wavefronts, where crosstalk between lenslets limits its dynamic range. 

Here, a novel wavefront sensor using a digital micromirror device in combination 

with a single lens is used for sequential aperture scanning of the wavefront. The 

technique is first analysed numerically and followingly validated experimentally 

using a deformable mirror in closed-loop adaptive optics [a]. Results are 

reported with the sensor using two different detectors: a lateral position detector 

and a charge-coupled device scientific camera, exploring pros and cons. 

Aberration measurements of a set of ophthalmic trial lenses, artificial eye and 5 

real eyes are demonstrated while exploring the benefits of sampling density, 

camera pixel binning and scanning speed [b]. The new sensor provides high 

dynamic range and speed, without the use of a lenslet array, which in turn, 

avoids crosstalk. Furthermore, very high sampling densities can be achieved 

when compromising speed. 

Based on: 

a. B. Vohnsen, A. Carmichael Martins, S. Qaysi, and N. Sharmin, "Hartmann – 

Shack wavefront sensing without a lenslet array using a digital micromirror 

device," Applied Optics 57, E199–E204 (2018) 

b. A. Carmichael Martins, and B. Vohnsen, "Measuring ocular aberrations 

sequentially using a digital micromirror device," Micromachines 10, 117 (2019) 

 

Quantification and correction of optical aberrations is essential in a wide range of 

applications including astronomy, free-space communications, lasers, microscopy and 

ophthalmology, and needed to optimize performance as, for example, with adaptive optics. 

Different methods have been developed to quantify aberrations including 

interferometry [140], Hartmann-Shack wavefront sensing (HS-WFS) and related 

methods [67,140–142], curvature sensing [143], pyramid wavefront sensing (P-

WFS)  [144,145], and quasi-resonant sensing using surface plasmon polaritons (SPP-

WFS) [146]. Some of these methods can be coded into liquid-crystal SLMs which allow for 

real-time tuning of sensing parameters [141,145], although speed is typically limited to 10’s 
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of Hz. Digital micromirror devices (DMD) allow significantly higher modulation speed in the 

kHz range as binary elements. They have been used in applications that include retinal 

imaging [85], psychophysical vision testing [124,138] as seen earlier in this thesis, and also 

coded wavefront sensing [147].  

In this chapter, the use of a fast DMD for wavefront sensing using a single lens is 

proposed, where a detector is used to capture the centre-of-gravity (CoG) of the point-

spread-function (PSF) derived from each sequentially scanned area of the wavefront. Serial 

sensing is used to avoid the use of a lenslet array and, thereby, increase the dynamic range 

of the DMD wavefront sensor (DMD-WFS). The small pixel size of the DMD allows for 

approximately 100×100-times denser sampling than a typical lenslet array. 

Firstly, the principles of the sensor using numerical analysis in MatlabTM are discussed, 

followed by an experimental proof-of-principle verification using an deformable mirror (DM) 

working in closed loop adaptive optics (AO) with a conventional HS-WFS, and with 

ophthalmic trial lenses to induce specific amounts of monochromatic aberrations. Secondly, 

results with the DMD-WFS are reported and compared using two different detectors, a 

lateral position sensor and a charge-coupled device (CCD) scientific camera. Lastly, 

wavefront measurements of a highly aberrated artificial eye and 5 real eyes, including a 

highly myopic subject are demonstrated, and the role of pupil sampling density, CCD pixel 

binning and scanning speed are explored. 

5.1.  WA V EFR O N T  SE NSI N G  W I T HO U T  A  LE N S LE T  AR R AY  

5.1.1.  AD A P T I V E  O P T I C S  W I T H  DE F O R M A B L E  M I R R O R S  

The technology of adaptive optics, introduced by Horace W. Babcock in 1953 [148], was 

first used in 1977 for astronomical applications to compensate and correct aberrated 

wavefronts caused by atmospheric turbulence [149]. A DM was used to locally introduce 

phase shifts that compensate the time-varying aberrations of the wavefront, such that the 

outcome was a plane or spherical wave. Typically, an AO system used to correct wavefronts 

from point objects operates in closed loop. In this case, a wavefront sensor, as those 

mentioned in section 1.4.1, is used to characterize the aberrated wavefront and the derived 

information is used to calculate the localized phase shifts necessary to correct the wavefront 

distortions. The selected shifts are then fed back into the optical element used for correction 

in real time. An AO closed-loop system can continuously sample the shape of the wavefront 

and adjust its phase accordingly in order to obtain the desired wavefront. 

After Liang et al. proposed the use a Hartmann-Shack wavefront sensor to measure the 

aberrations of the human eye [70], it became the most popular wavefront sensor to be used 
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in closed-loop AO systems for high-resolution retinal imaging. By removing the aberrations 

introduced by the elements of the eye and the tear film, the blur in retinal images could be 

reduced [150]. A simple example can be seen in Figure 5-1. 

 

Figure 5-1: Schematic setup of an adaptive optics imaging system using a 

deformable mirror working in a closed-loop with a Hartmann-Shack 

wavefront sensor to remove aberrations. Ideally, both the DM and the HS 

are placed in conjugate pupil planes. 

  

The optical element used for aberration corrections is a spatial light modulator capable 

of phase modulation, such as liquid-crystal SLMs [151–153] as explained in section 2.2, or 

DMs, which are most commonly used for AO systems. 

A DM is essentially a reflective surface designed to adjust its shape with remotely 

controllable actuators, which may adjust by piston and/or tip and tilt, and are typically 

characterised by the number of actuators, which directly relates to the spatial frequency 

correction capability; the actuator pitch, defining the fill factor of the device; their stroke 

which sets the limit of displacement of the surface; as well as the influence function of the 

device, which characterises the deformation area a single actuator can have on its 

surrounding surface. A common classification divides them into [154]: 

• Segmented DMs, where the reflective surface is created by an array of 

individual reflective surfaces placed on each actuator which allow for piston, tip 

and tilt adjustment. However, the spacing between them reduces the fill factor 

of the device and generates unwanted diffraction orders.  
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• Continuous DMs, where a single reflective and flexible membrane covers all 

actuators which only allow piston movements. The single surface removes 

diffraction effects and increases the fill factor, but also the influence function as 

the actuators are, in this case, mechanically coupled by the reflective 

membrane.  

In this chapter, a 140-actuator Boston MicromachinesTM Multi-3.5 deformable mirror is 

operated in closed-loop AO with a ThorlabsTM HS-WFS 150-5C, however not for wavefront 

correction but to generate controllable amounts of Zernike aberrations across the light 

beam to be measured. Therefore, it is used to validate a newly proposed crosstalk-free 

DMD-WFS by measuring known wavefronts.  

5.1.2.  E X P E R I M E N T A L  S E T U P  

A schematic of the setup used for testing and verification of the DMD-WFS is shown in 

Figure 5-2 a). The DMD is a Vialux™ V-7001 VIS with 1024×768 diagonally hinged 

micromirrors (92% fill factor) with 13.7μm pitch, as used throughout this thesis. The DMD 

is used for sequential scanning of the incident wavefront such that only a small part is 

sampled at any instant in time. This light is focused onto a position sensitive detector, here 

a ThorlabsTM DCU223M CCD camera with 4.65μm pixel size. Thus, it operates as a 

conventional HS-WFS but with the parallel sensing lenslet array replaced by temporal 

sweeping of a reflective DMD cell that may consist of one or more micromirrors. 

The light source used is a spatially filtered and expanded 3.0mm diameter beam from a 

He-Ne laser (ThorlabsTM, HRP050-1, 632.8nm wavelength). The closed-loop AO system 

composed of the DM and the HS-WFS is used to generate controlled aberrations. The DM 

actuators have a stroke of 3.5μm and a pitch of 400μm with a 13 ± 5%  interactuator 

coupling. A series of PSF images are captured with the CCD for each reflective DMD cell 

using an achromatic lens with 50mm focal length. Two 4-f telescopes with unit magnification 

using sets of 150mm and 200mm focal length achromatic lenses, respectively, project the 

pupil plane from the DM to the DMD and to the entrance pupil of the CCD detector. This 

gives a direct relation between the sampled wavefront and the position of the PSF. Thus, 

when no aberrations are present all PSF images will be centred (reference images) and 

aberrations will translate the position of the PSF images in the same way as a conventional 

HS-WFS with a lenslet array. 
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Figure 5-2: a) Schematic of the system used to verify the operation of the 

DMD-WFS with serial scanning of a reflective DMD cell consisting of one 

or many micromirrors; b) scanning of the wavefront (phase wrapped onto 

-π to +π) by the DMD cell; c) CoG determination of the PSF for each 

sequentially active DMD cell. The DMD is tilted horizontally and vertically 

to compensate the 24° reflection angle. All lenses are antireflective 

achromatic doublets. 

5.1.3.  R E S U L T S  

N U M E R I C A L  M O D E L  

To verify the operation of the system, simulated DMD raster scans were realized with 

adjustable parameters. Wavefront aberrations were introduced across the incident beam 

as individual or linear combinations of Zernike polynomials 𝑍𝑗. Only DMD cells where the 
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illumination covers at least 50% of their area were included to ensure that focal spots were 

not significantly altered by uneven illumination, such as the partially illuminated cell shown 

in Figure 5-2(b), which is more prone to diffraction and lower signal-to-noise ratio in the 

captured PSF. 

The wavefront aberration in the pupil plane Φ𝑊𝐴 can be written as a series expansion 

in polar coordinates (𝑟, 𝜃) according to Eq. 3. The PSF is captured with the CCD detector 

for each sampling position of the DMD cell of size 𝑤 × 𝑤 scanned across the beam. Thus, 

the sampled PSF in cartesian coordinates (�̃�, �̃�) is related to the wavefront aberration at the 

pupil via a Fourier transform (FT) as: 

𝑃𝑆𝐹(�̃�, �̃�) ∝ |𝐹𝑇 {𝑟𝑒𝑐𝑡 (
𝑥 − 𝑥0

𝑤
) 𝑟𝑒𝑐𝑡 (

𝑦 − 𝑦0

𝑤
) 𝑃(𝑥, 𝑦)exp (𝑖Φ𝑊𝐴(𝑥, 𝑦))}|

2

  Eq. 13 

 

for an active DMD cell centred at (𝑥0, 𝑦0). The 𝑟𝑒𝑐𝑡 function equals unity within each cell 

and zero outside of it. The profile of the beam is described by the pupil function 𝑃, which 

here equals 1 inside and 0 outside of it, but it can easily account for the actual intensity 

profile as well. Due to the high filling factor of the DMD, diffraction by the micromirror pitch 

has been omitted in Eq. 13. It produces a calculated weak 1st diffraction order at ±2.65𝑜 

which corresponds to a 9.2mm shift at the lens and is effectively blocked by the iris. 

Eq. 13 can be expressed using convolution * of 𝑠𝑖𝑛𝑐 functions as 

 

𝑃𝑆𝐹(�̃�, �̃�) ∝ |𝑒𝑥𝑝(−𝑖2𝜋𝑓𝑥𝑥0)𝑠𝑖𝑛𝑐(𝜋𝑓𝑥𝑤)

∗ 𝑒𝑥𝑝(−𝑖2𝜋𝑓𝑦𝑦0)𝑠𝑖𝑛𝑐(𝜋𝑓𝑦𝑤)

∗ 𝐹𝑇{𝑃(𝑥, 𝑦)exp (𝑖Φ𝑊𝐴(𝑥, 𝑦))}|
2
 

Eq. 14 

where the spatial frequencies 𝑓𝑥 =
�̃�

𝜆𝑓𝐿
, 𝑓𝑦 =

�̃�

𝜆𝑓𝐿
 are determined by the imaging lens 𝑓𝐿 and 

the CCD coordinates. The peak of the 𝑠𝑖𝑛𝑐 functions are centred at the origin and are 

narrowest when 𝑤 is large. In turn, when 𝑤 is small, such as when the DMD cell consists 

of a single micromirror at a time, the spatial width of the 𝑠𝑖𝑛𝑐 functions widen. If 𝑤 =
2𝜆𝑓𝐿

𝜀
, 

which for the chosen system parameters corresponds to 13mm, the peak of the 𝑠𝑖𝑛𝑐 

functions would be confined to a single CCD pixel. When the chosen parameters are 

smaller, the peak spreads across more pixels. In this study, 𝑤 = 0.6𝑚𝑚 and 𝑤 = 0.3𝑚𝑚 

are chosen to spread the sampled PSF across the central pixels of the CCD. 

Raster scanning via the coordinates (𝑥0, 𝑦0) sequentially modifies the DMD phase factor 

in Eq. 14, thereby sampling the PSF. If the wavefront is planar with a tilt 𝜃𝑥 in the �̃� direction, 

it produces a translation Δ�̃� = 𝑓𝐿𝑠𝑖𝑛(𝜃�̃�) ≈ 𝑓𝐿𝜃�̃� of the PSF due to the shift theorem of the 
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FT and a spot width set by the convolution in Eq. 14. The small-angle approximation of the 

𝑠𝑖𝑛 function is valid for all angles considered in this study due to the small size of the CCD 

sensor with respect to the focal length of the imaging lens. In general, aberrations will shift 

the CoG of the sampled PSF. When 𝑤 is small, this will be encoded as a local tip/tilt in the 

same way as when using dense lenslets with a conventional HS-WFS. Indeed, Eq. 13 and 

Eq. 14 can be modified to describe a HS-WFS using a lenslet array by including a lens 

phase transfer function with each 𝑟𝑒𝑐𝑡 function. 

The PSF is recorded for each position of the DMD cell for which centroiding of the CoG 

coordinates (�̃�𝑐 , �̃�𝑐) are calculated as: 

 

�̃�𝑐 =
∑ �̃�𝑚,𝑛𝐼𝑚,𝑛𝑚,𝑛

∑ 𝐼𝑚,𝑛𝑚,𝑛
,        �̃�𝑐 =

∑ �̃�𝑚,𝑛𝐼𝑚,𝑛𝑚,𝑛

∑ 𝐼𝑚,𝑛𝑚,𝑛
 Eq. 15 

where �̃�𝑚,𝑛  and �̃�𝑚,𝑛  refer to the individual CCD pixel (𝑚, 𝑛) of intensity 𝐼𝑚,𝑛 . However, 

more advanced centroiding methods could be used to reduce the impact of noise or to 

adapt the CoG estimation to, for example, a region of interest on the CCD with fewer pixels, 

a quadrant detector as will be seen later on in this chapter, or a noise floor cut-off. 

The least-square-estimate of the reconstructed Zernike coefficients 𝑐𝑒𝑠𝑡 is determined 

as: 

 
𝑐𝑒𝑠𝑡 = [𝑨𝑇𝑨]−1𝑨𝑇𝑏𝑚𝑒𝑎𝑠 Eq. 16 

where 𝑨  is a tensor of Zernike polynomial derivatives, 𝑨𝑇  is the transpose of 𝑨 , and 

[𝑨𝑇𝑨]−1𝑨𝑇 is its pseudoinverse. The vector 𝑏𝑚𝑒𝑎𝑠 consist of measured wavefront slopes 

determined by the translation coordinates of each PSF CoG with respect to that of using a 

planar reference wave. Other wavefront reconstruction methods are available, both in terms 

of computing Zernike coefficients and in terms of direct reconstruction from the centroid 

displacement without a projection onto Zernike modes [155]. However, since the control 

loop of the AO system used operates directly with Zernike coefficients, and since Zernike 

coefficients are of special relevance for ophthalmic applications, this approach was chosen 

for the study. 

Simulated sensing and reconstruction of individual Zernike polynomials arranged 

according to the ANSI Z80.28-2010 standard are shown in Figure 5-3 for two different DMD 

sampling densities. The quality of the simulated reconstruction in terms of the root-mean-

square (RMS) Zernike reconstruction, 𝑅𝑀𝑆 = ∑ |𝑐𝑗|
2

𝑗 , is very high for low-order aberrations 

and deteriorates only slightly with increasing aberration order. When using 10 × 10 DMD 

cells (1 cell equals 22 × 22  individual micromirrors), the reconstruction is practically 

identical to the incident wavefront. For the 5 × 5  cells (1 cell equals 44 × 44 individual 
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micromirrors) a slight deterioration can be seen such as an imperfect rotational symmetry 

for spherical aberration (𝑍13). 

 

Figure 5-3: Numerical simulation of DMD-WFS of individual Zernike 

polynomials (excluding piston) with coefficients of 1µm each scaled to the 

full scalebar using a) 5 × 5 DMD cell (each 600 × 600µm2) swept across 

the beam producing 25 sampled PSFs, and b) 10 × 10 DMD cell (each 

300 × 300 µm2) producing 100 sampled PSFs. The magnitude of the 

reconstructed wavefront RMS (in µm) is shown below each map. Only 

PSFs from DMD cells that are illuminated across more than 50% of their 

entire aperture have been included in the reconstruction. 

 

The diagram in Figure 5-4 shows a comparison of the reconstruction when the incident 

illumination covers at least 50% of each contributing DMD cell versus that where only cells 

covered by 100% have been included to avoid beam truncation. 

As can be seen, when only the fully illuminated cells are included, the obtained RMS is 

closest to the expected with 10 × 10 cells. However, with 5 × 5 cells, a significant reduction 

in quality can be observed for some coefficients, as this correction corresponds to just the 

central 3 × 3 cells in Figure 5-2. Denser DMD sampling follows the beam periphery more 

closely and is therefore less affected. 
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Figure 5-4: Comparison of simulated sensing and reconstruction of 

individual Zernike polynomials with 1μm coefficients with the DMD-WFS 

using 5 × 5  and 10 × 10  DMD cells and with inclusion of all 100% 

illuminated cells and those covered by at least 50%, respectively. 

 

Figure 5-5 shows simulations with reconstruction of random aberrations of increasing 

RMS wavefront error (same aberration with scaled Zernike coefficients), including only 

DMD cells that are fully illuminated. Again, it can be noted that the low sampling density 

provides a fair approximation, but the denser sampling captures more details. The same 

figure also shows that the dynamic range of the sensor can, in principle, be very large. 

Sampling only one PSF at any instant in time avoids the appearance of PSF crosstalk, 

which typically limits the range of the conventional HS-WFS. The dynamic range is set by 

the f-number of the optics used to project the active DMD cell onto the detector (CCD) and 

the 24° reflection angle used to separate the sampled wavefront from the rest of the light at 

any instant.  
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Figure 5-5: Numerical simulation of DMD-WFS reconstruction of a linear 

combination of Zernike polynomials with random coefficients in the range 

0–1μm scaled with a) × 1 (RMS 2.7668μm); b) × 5 (RMS 13.8341μm); and 

c) × 10 (RMS 27.6681μm). Reconstruction with DMD swept cells of 5 × 5 

(each 600 × 600μm2); 10 × 10 (each 300 × 300μm2); 20 × 20 (each 150 ×

150μm2) are shown. The magnitude of the reconstructed wavefront RMS 

(in μm) is shown below each map (phase wrapped onto −π to +π). 

 

E X P E R I M E N T A L  R E S U L T S   

An experimental verification was performed with the system shown in Figure 5-2. The 

results using a 5 × 5 DMD cell of at least 50% illuminated swept across the beam are shown 

in Figure 5-6 for the same Zernike polynomials as shown in Figure 5-3. The AO system 

consisting of the DM and HS-WFS was set to generate the individual Zernike modes. The 

DMD was raster scanned by software, and images were captured manually (at low speed). 

The limited stroke of the DM prevents the AO system from reaching the full Zernike 

coefficients for high-order modes. For comparison, the system was set to generate both 

positive and negative Zernike coefficients, i.e., ±1μm, that were sensed with the DMD-WFS 

and reconstructed with respect to a planar reference wave. Some asymmetry can be 

noticed, caused by a slight offset in the DMD alignment with respect to the pupil of the AO 

system. This could be overcome either by pixelwise alignment of the DMD (it was aligned 

by visual inspection of the reflected light with circular projection images) or by post-

processing of the reconstruction pupil. The tilt of the DMD causes a slight deviation for the 
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Cartesian coordinates used, which could be corrected using a rotated reference 

system [156]. Despite the tilt, the large focal length of the telescopes ensures that the DMD 

is approximately conjugated to the pupil across the beam.  

For comparison, reconstruction was also made when including only DMD cells that were 

fully illuminated. The results of this are shown in Figure 5-7. As expected, some of the 

Zernike modes were reconstructed with higher accuracy when using only fully illuminated 

cells. The lack of stroke of the DM used is noticeable in the reconstruction of the higher-

order modes, as can be seen in the RMS values shown below each image map that fall 

short of the requested ±1μm.  

 

Figure 5-6: Experimental verification of the DMD-HS-WFS of individual 

Zernike polynomials (excluding piston) each scaled to the full scale bar and 

generated with the AO system with coefficients of a) −1μm and b) +1μm 

and sensed using 5 × 5 DMD (each 600 × 600μm2) swept cells across the 

beam, producing 25 sampled PSFs. Only PSFs from DMD cells that are 

illuminated across at least 50% of their apertures have been included in 

the reconstruction. The magnitude of the reconstructed wavefront RMS (in 

μm) is shown below each map. 
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Figure 5-7: Experimental verification of the DMD-HS-WFS of individual 

Zernike polynomials (excluding piston) each scaled to the full scale bar and 

generated with the AO system with coefficients of a) −1μm and b) +1μm 

and sensed using 5 × 5 DMD (each 600 × 600μm2) swept cells across the 

beam, producing 25 sampled PSFs. Only PSFs from DMD cells that are 

fully illuminated across their entire apertures have been included in the 

reconstruction. The magnitude of the reconstructed wavefront RMS (in μm) 

is shown below each map. 

 

To verify the large dynamic range of the DMD-WFS, a set of tests without the limited-

stroke AO system but with a set of ophthalmic trial lenses was used to generate defocus. 

Figure 5-8 shows the measurement results for these cases. The reconstruction is 

approximately linear in the range of −5D to +5D (R-squared of 0.9971), although the 

determined 𝑐5 coefficients shown below each image map in Figure 5-8 differ somewhat 

from the expected values of ±0.33, ±1.62, and ±3.25μm calculated for a 3.0mm beam 

using the dioptric powers quoted by the lens manufacturer (MSDTM). It gradually failed as 

the size of the PSF on the camera becomes very large and the CoG expressed by Eq. 15 

becomes less accurate. This could be improved with better centroiding methods  [157–159] 

or with a sensor having a higher bit depth than the 8-bit CCD which is prone to saturation, 

as will be shown in the next section. 
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Figure 5-8: Experimental verification of the DMD-WFS reconstructing 

defocus generated by ophthalmic trial lenses in place of the AO system 

using from −10 to +10D. All maps have been adjusted individually to the 

full scalebar that includes 2𝜋 phase wrapping when the defocus is largest. 

The wavefront is determined by use of a 5 × 5  DMD cell (each 

600 × 600μm2) swept across the beam, producing a total of 25 sampled 

PSFs. Only PSFs from DMD cells that are illuminated across at least 50% 

of their apertures have been included in the reconstruction. The number 

below each map shows the reconstructed Zernike defocus coefficient, 𝑐5, 

expressed in μm. 

 

5.2.  ME A SU R IN G  OC UL A R  AB ER R A T IO NS U S I NG  A  DMD-WFS 

As stated at the beginning of this chapter, one area of special relevance for aberration 

characterization is ophthalmology, where the optical quality of the human eye is important 

not only for acute vision but also for diagnostic retinal imaging applications. As has been 

mentioned previously, HS-WFSs are the most commonly used devices to measure ocular 

aberrations but typically operate in the range of 10s of Hz and are limited by crosstalk. As 

the need to determine ocular aberrations has become increasingly important for 

personalized refractive corrections using custom LASIK [160], and for the understanding of 

a number of refractive problems ranging from keratoconus [161] to increased high 

myopia [27], establishing a wavefront sensing technique that provides a high dynamic 

range, resolution, and high speed suitable for the human eye is crucial. 

The DMD-WFS described above, proved to avoid the crosstalk limitation and to offer 

the possibility of wavefront sensing at 10s of KHz, which is here used to measure ocular 

aberrations of the human eye by performing sequential scanning of the wavefront. A 

somewhat related technique uses scanning of an incident beam of light in the pupil plane 

to capture multiple retinal images [162]. However, in the case here proposed the narrow 

beam of light is incident near the pupil centre and scanning is only done for light exiting the 

eye by sequential aperture scanning of the pupil, analogous to the parallel sampling by a 

lenslet array in the HS-WFS.  
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5.2.1.  E X P E R I M E N T A L  S E T U P  

The system, which is described in detail in Section 5.1.2, is here adapted for real-time 

aberration sensing of the human eye. A schematic of the setup can be seen in Figure 5-9. 

Essentially, a narrow near-infrared (Edmund OpticsTM, 850nm wavelength, 2.5mm beam) 

beam of 200µW entering the eye is focused onto the retina to create a secondary point 

source suitable for wavefront sensing. Backscattered light from the retina and exiting the 

eye is truncated by a 4mm iris and the pupil is imaged by a 4-f telescope onto the DMD. 

Due to diffraction effects from the DMD, an iris is used in a conjugate retinal plane to only 

allow the pass of the 0th order. In this study, two different position detectors are used: 

 

Figure 5-9: Schematic of the system used to measure ocular aberrations 

using a digital micromirror devices. A 4mm beam of near-infrared light 

backscattered from the retina is sequentially scanned in the pupil plane by 

the DMD, which directs light onto a position detector via a plane mirror to 

capture the maximum light. The detector captures the (x,y) centroid 

coordinates of the PSF in the case of the lateral position detector, or 

captures images of the PSF in case of the CCD camera, for each scanned 

section of the light. All lenses used are antireflection-coated achromatic 

doublets. 
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1) A 2D-lateral resistive position detector (ThorlabsTM, PDP90A) of up to 0.75µm 

spatial resolution working in conjunction to a Thorlabs KPA101 K-Cube Auto-Aligner 

with a sample resolution of 16-bits, is used to register the central position of the PSF 

centroid (𝑥, 𝑦) for each activated DMD cell. Although its angular resolution suffices, 

the limited sensitivity of this device prevents it from being used to determine ocular 

aberrations, but it is included here as a proof-of-principle in Section 5.2.2. Indeed, it 

may well find applications where power limitations are of less concern, such as in 

the characterization of laser beams. 

2)  A CCD camera (ThorlabsTM, Scientific Camera 1501M-USB) with 6.45µm pixel 

pitch and 14-bit digital output is used for the rest of the results in Section 5.2.2, 

allowing for high brightness variations and binning of pixels to increase acquisition 

speed when acquiring images of the PSF from which the centroid position can be 

determined. 

The DMD, the position detector and the CCD are all programmed and synchronized via 

LabVIEWTM. The position detector captures the PSF centroid coordinates at a speed of 

1.5kHz, whereas the CCD captures the PSF images at a speed of 13 frames-per-second 

(FPS) without pixel binning and 1ms exposure, but faster with pixel binning of up to 24 × 24 

pixels. For example, with 10 × 10 pixel-binning the speed limit is 77FPS. For both sensors, 

the aberration is determined with respect to that of a plane reference wave obtained by 

placing a flat mirror in the pupil plane. A conventional HS-WFS (ThorlabsTM, 150-5 C, 

39 × 31 lenslets) is placed in a conjugate pupil plane and is used for comparison and 

verification purposes. 

First, a test was performed with an artificial eye comprised of a thin ophthalmic trial lens 

adjacent to a flat mirror placed in the pupil plane. The DMD-WFS scan was implemented 

with two sampling densities: (a) 5 × 5 DMD cells of 800µm (58 × 58 pixels) obtaining the 

corresponding 25 PSF images, and (b) 10 × 10  DMD cells of 400µm (29 × 29  pixels) 

corresponding to 100 PSF images. For each sampling density of the DMD, the PSF images 

were acquired using 1 × 1 , 2 × 2 , 4 × 4 , and 8 × 8 -pixel-binning of the CCD camera, 

recovering images of 1392 × 1040 , 696 × 520 , 348 × 260 , and 174 × 130  pixels, 

respectively. A plane reference wave was also attained for each case, and the effects of 

binning compared. 

Secondly, ocular aberration measurements were performed in the right eye of 4 

emmetropic subjects (equivalent sphere between 0 and −1D, as measured with an 

EyeNetraTM autorefractor) and one myopic subject (with an equivalent sphere of −7D) 

ranging between 28 and 50 years old, whose pupils were dilated, and accommodation 
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partially paralyzed, with two drops of 1% tropicamide. To ensure a point source on the retina 

for myopic subjects, a corrective trial lens was placed in a prior conjugate plane to the pupil, 

making use of a one-to-one 4-f system composed of two 150mm focal length achromatic 

lenses. A bite bar was used to ensure good centration of the eye’s pupil and reduce head 

movement throughout the measurements. For their own comfort, subjects were asked to 

take a short break between one scan measurement and the next, hence slightly readjusting 

their position for each measurement. 

For both cases, the Zernike wavefront parameters obtained from the HS-WFS were 

recorded up to the 4th radial order. Subsequently, the DMD-WFS scan was performed at 

13 FPS, adding up to a total time of 2s for a complete 5 × 5 sampling and 8s for a 10 × 10 

scan. The PSF images were post-analysed in MatlabTM to determine the CoG centroid 

translations in cartesian coordinates between the aberrated wavefront and that of the 

reference for each DMD cell. These translations were used to calculate the Zernike 

coefficients from which the least-square wavefront reconstruction was performed, as has 

been explained in Section 5.1.2. For 5 × 5 DMD sampling, the PSF corresponding to DMD 

cells illuminated across more than 50% of their area were analysed and used for the 

reconstruction, while for 10×10 sampling, only those 100% illuminated were considered. To 

further examine the effects of using 50% illuminated area versus 100% illuminated area of 

DMD cells and that of binning, the reconstruction procedure here followed for 5 × 5 DMD 

cell sampling is compared in Figure 5-10 for a simulated wavefront with astigmatism,  

 

Figure 5-10: Comparison of wavefront reconstructions of a simulated 

wavefront with astigmatism, coma, and trefoil. First, using DMD cells which 

are at least 50% illuminated with a 4mm beam, and second, those 100% 

illuminated by the incoming beam. For each case, the effect of square pixel 

binning of × 2, × 4, × 8, × 16, and × 24 pixels in the detector camera is 

compared. All RMS values are given in µm. 
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coma, and trefoil, similar to that from [61] for a typical human eye. Reconstructing the 

wavefront only using the fully illuminated DMD cells, provides more accurate results for a 

static wavefront. However, when sampling a dynamic wavefront, such as that of the real 

eye, with a low density and only considering cells illuminated in their entirety, could be 

insufficient for accurate measurements. On the other hand, increasing pixel binning in the 

detection camera allows for faster acquisition and is seen to maintain accuracy up to 8×8 

binned pixels (deviation <4%), after which the accuracy of the wavefront reconstruction 

tends to fall. 

5.2.2.  R E S U L T S  

Wavefront diagrams and RMS wavefront values shown in this section are exempt from tip 

and tilt, as these are not representative of the ocular aberrations as such, and a minimal 

decentration is necessary to avoid corneal reflections in the HS-WFS measurements. 

W A V E F R O N T  A B E R R A T I O N S  W I T H  A N  A R T I F I C I A L  E Y E  

1. Lateral Position Detector 

The lateral position detector provides the cartesian coordinates of an incident beam with 

respect to a predetermined centre point and is commonly used for system alignment. Its 

operation consists on proportionally distributing photocurrent created when light is incident 

on its surface to determine the position in the X and Y directions from four electrodes. Its 

accuracy is dependent on the optical power of the incident beam [163], which for 850nm 

light, 25μW of optical power is necessary to achieve 1% accuracy. 

Here, it was used to determine the centroid coordinates of the PSFs, and displacements 

were evaluated with respect to the PSFs obtained with a focused plane reference wave. 

The reconstruction of aberrated wavefronts induced by four different trial lenses can be 

seen in Figure 5-11 and compared to the wavefront measured by the HS-WFS. Astigmatism 

was achieved with two crossed positive and negative power cylindrical lenses. All 

measurements shown were performed with 5 × 5  DMD cell sampling. Increasing the 

sampling density to 10 × 10 decreases the amount of optical power per cell that reaches 

the position detector, and, therefore, limits its accuracy with the available power. 
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Figure 5-11: Wavefront reconstructions of an aberrated wave across a 

4mm pupil with ophthalmic trial lenses using the 5 × 5 sampling DMD-WFS 

method and a 2D-lateral position detector placed in the image plane. All 

RMS values are given in µm. 

 

2. CCD Camera Detector 

The wavefront reconstructions of the artificial eye using the Zernike coefficients measured 

by the HS-WFS and the DMD-WFS are included in Figure 5-12 for a 4mm pupil and two 

sets of ophthalmic lenses: a) defocus with a +8D spherical lens, b) astigmatism with two 

crossed −4D and +4D cylindrical lenses, and c) combination of defocus and astigmatism 

with a +8D spherical lens and crossed −4D and +4D cylindrical lenses. Given that the trial 

lenses were used in conjunction with a flat mirror, the double pass of the beam caused 

induced aberration to lay beyond the range of the HS-WFS. Different binning options 

ranging from one to eight pixels were included when measuring with the DMD-WFS. The 

RMS values of the Zernike coefficients were used to quantify and compare the obtained 

results, with only up to 2.5% deviation for different pixel-binning options. However, a 

difference of up to 30% is observed when compared to the HS-WFS, where the aberrations 

are underestimated. The obtained data comparing both methods in terms of Zernike 

coefficients as well as sphere and cylinder power is detailed in Table 5-1. 
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Figure 5-12: Comparison of defocus and astigmatic wavefront 

reconstructions for a 4mm pupil with an artificial eye through Zernike 

coefficients between HS wavefront sensing, and for the DMD wavefront 

sensing method with four different binning options in the CCD camera, 

acquiring the PFS images for each DMD cell. All RMS values of the Zernike 

coefficients are given in μm. 
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Table 5-1: Data comparison between the Zernike coefficients 𝑐5  and 𝑐6  

and the equivalent sphere and cylinder power for a 4mm pupil, with an 

artificial eye obtained by the HS-WFS and the DMD-WFS without binning. 

 
HS-WFS DMD-WFS 

𝒄𝟓[μm] 𝒄𝟔[μm] Sphere[D]a Cyl.[D]b 𝒄𝟓[μm] 𝒄𝟔[μm] Sphere[D]a Cyl.[D]b 

a) 6.638 0.308 11.50 0.75 7.519 −0.024 13.02 0.00 

b) 0.627 −4.867 1.08 −11.90 0.561 −6.511 0.97 −15.95 

c) 6.270 −2.472 10.85 −6.05 7.084 −3.769 12.27 −9.23 

a Calculated as: 𝑃𝑠𝑝ℎ𝑒𝑟𝑒 = 4√3𝑐5 𝑟𝑝
2⁄ , where 𝑟𝑝 is the pupil radius in mm and 𝑐5 is the defocus Zernike 

coefficient value in µm. 

b Calculated as: 𝑃𝑐𝑦𝑙 = 4√6𝑐6 𝑟𝑝
2⁄ , where 𝑟𝑝 is the pupil radius in mm and 𝑐6 is the 90o astigmatism 

Zernike coefficient value in µm. 

 

W A V E F R O N T  A B E R R A T I O N S  I N  T H E  R E A L  E Y E  

Measurements of ocular aberrations of five healthy subjects ranging between 28 and 50 

years old, four of which are emmetropes and one which is myopic (-7D), are shown in Figure 

5-13 for 5 × 5 sampling density and in Figure 5-14 for 10 × 10 sampling density. In both 

cases, four types of pixel binning in the CCD camera are included. Wavefronts are 

quantified using the RMS value of the Zernike coefficients, given in μm. Larger variations 

between the reconstructed wavefronts appeared when measuring the real eye in 

comparison to the results found with the static artificial eye. This could be due to the natural 

movement of the eye, which includes both voluntary and involuntary movements, even 

when fixating on a given target [164]. Fixation time lasts approximately 200–

300ms [165,166], with large variability between subjects, which falls well below the required 

DMD-WFS scan time. Increasing the pixel binning allowed for a higher acquisition speed to 

limit variations during ocular aberration measurements. Variations of 5% to 30% in the RMS 

values are noted between different binning options performed at the same speed for 5 × 5 

DMD sampling. Denser sampling of 10 × 10 DMD cells involved higher acquisition time, 

causing deviations to increase between 7% and 40%. 

In order to analyze the effect of scanning at different speeds, measurements were 

performed in the right eyes of two subjects at 5, 10, 15, and 20 frames per second with both 

5 × 5  and 10 × 10  DMD cell sampling. Results are included in Figure 5-15. For each 

subject, larger differences are seen in the case of 10 × 10 sampling, as the measurement 

time varies considerably between being performed at 5FPS or 20FPS. 
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Figure 5-13: Ocular aberrations measured with the DMD-WFS with 

5 × 5 sampling density for four subjects with normal vision and one 

myopic subject (-7D), marked with an asterisk (*), using DMD cell 

with at least 50% of its area illuminated. Quantification of wavefronts 

are presented as RMS values given in μm. 
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Figure 5-14: Ocular aberrations measured with the DMD-WFS with 

10 × 10 sampling density using only 100% illuminated DMD cells for the 

same five subjects. The asterisk (*) denotes the myopic subject. All RMS 

values are given in μm. 
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Figure 5-15: Comparison of the DMD-WFS scan performed at 5, 10, 15 

and 20 FPS for two subjects with both 5 × 5  and 10 × 10  DMD cell 

sampling densities. All RMS values are given in μm. 

 

5.3.  D I S CU SS I O N  

Serial wavefront sensing with a DMD-WFS using a single achromatic lens to focus light 

onto a position-sensitive detector, rather than parallel sampling of the entire wavefront, as 

with a conventional HS-WFS, allows for high dynamic range by solving the problem of 

crosstalk between adjacent focal points since only one PSF is sampled at any instant in 

time. The analysis in Figure 5-5, Figure 5-8 and Figure 5-12 demonstrate the potential of 

the sensor for large aberrations. The reconstructed Zernike defocus coefficients up to ±10D 

(Figure 5-8), as well as astigmatism and a combination of both defocus and astigmatism 

(Figure 5-12) are in fair agreement with the expectations, and the DMD-WFS proves to 

outperform the conventional HS-WFS in extremely aberrated cases. Differences may also 

relate to inaccuracies in the ophthalmic trial lenses and the wavelength used, mounting and 

centration inaccuracies, or edge diffraction by the truncation of the input beam. The DMD 

could be used to truncate the beam rather than the iris, but this would increase stray light. 
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Also, a current-tunable lens or a larger-stroke DM could be used to vary the amount of 

defocus induced to eliminate the variation caused by mounting errors of the trial lenses. 

The potential speed limit with different DMD cell sampling densities is shown in Table 

5-2. The higher speed offered by using larger DMD cells may allow tracking of rapid 

aberration changes as well as oversampling by partial overlap of the DMD raster scan cells.  

Table 5-2: Scanning speed limit for a 22.727KHz DMD 

DMD cells 5 × 5 10 × 10 20 × 20 768 × 768 

Sensing limit a 909Hz 227Hz 57Hz 0.039Hz 
a If using two detectors with both the +24o and -24o reflection angles, the indicated limit could 

double. 

Using a high bit-depth CCD detection camera improves saturations problems when 

capturing the PSF functions. Furthermore, making use of pixel binning in 𝑥- and 𝑦-directions 

allows for improvement in the sensing speed of the DMD-WFS and reduces the amount of 

stored data without compromising accuracy. Slight variation in the wavefront RMS values 

seen in Figure 5-12  with different binning options up to 8 × 8 binned pixels are in the same 

order of magnitude as predicted by the simulated wavefront from Figure 5-10. The use of a 

high-speed CMOS camera could potentially allow for higher speed, but ultimately a different 

methodology, such as single-pixel sensing, may be required to gain the upmost in terms of 

kHz speed [167]. 

Other methods than the simple CoG could be used to determine the most appropriate 

centroiding algorithm for a given application to increase speed and accuracy [157–159]. 

The use of a position detector device provides direct determination of centroiding 

coordinates with an accuracy of up to 0.75μm when output voltage is maximized, avoiding 

the need to save large amounts of image data for each measurement, specifically in the 

case of large sampling densities and no pixel binning. However, given the high-power 

requirements for accurate detection, it did not prove feasible for ophthalmic applications. 

The possible dense sampling of the wavefront at intervals given by the DMD pixel pitch 

may prove useful for extreme adaptive optics [168], branching at phase singularities [169], 

or lithography [170]. Speed may be a limiting factor, although faster DMDs (at 50kHz) are 

becoming available. The size of the detected PSF is inversely proportional to the DMD cell 

size, and thus detector noise and DMD diffraction may become an issue at very high 

sampling densities. A more compact system would be required to limit the width of the 

captured PSFs. A larger-reflection-angle DMD (a ±34° optical angle is available) with 

rectangular tip/tilt can benefit such a design.  
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The quasi-confocal detection offered by the iris that filters unwanted light may find useful 

applications in separating light from guide stars at different depths of use in 

microscopy [171] and ophthalmology aided by the large dynamic range that may also 

benefit myopia due to the fast-increasing rates [172,173] and highly aberrated keratoconus 

studies, as well as animal retinal imaging [174]. For ophthalmic applications, the high speed 

of the DMD and CCD camera to perform a complete scan is crucial. Scans performed at 

13FPS were to suffice when measuring ocular aberrations with both 5 × 5 and 10 × 10 

DMD cell sampling, and the effect of scanning speed between 5 and 20FPS was analyzed 

in Figure 5-15. However, variations in the measured wavefronts are still present due the 

continuous involuntary movements of the eye during fixation including tremors, drifts, and 

microsaccades [164–166], where further increasing the speed would improve accuracy and 

repeatability. Changes in the tear film, which is known to be dynamic, may also cause 

changes in the measurements of ocular aberrations [175]. Finally, the DMD allows removal 

of unwanted light in the pupil plane, such as corneal reflection or undesired corneal areas, 

by deactivating the corresponding cells in the DMD, so that these do not induce noise into 

the wavefront reconstruction. An example where reflections can cause problems can be 

seen in the lower part of Figure 5-12 b) for the HS-WFS wavefront with astigmatism. 
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6. CONCLUSIONS 

 

On the basis of myopia and linked by the use of a digital micromirror device, this thesis is 

divided into two main sections: firstly, a thorough study of the Stiles-Crawford effect of the 

first kind and light absorption in cone photoreceptors to gain insight into the alarmingly fast 

increase of myopia worldwide, and secondly, to address the need of new measurement 

devices to address highly aberrated eyes.  

For the first part, a novel uniaxial flicker system is presented to measure the SCE-I in 

Maxwellian view using a DMD, which allows for an extremely fast change of the field at 

different pupil entry positions and a precise variation of intensities while avoiding the use of 

larger mechanical components and providing a completely automated system. A 

directionality parameter in the range of 0.03 to 0.06mm-2 is found for emmetropic subjects 

in fair agreement to the values reported in the literature. As a closer representation of 

normal viewing and for the purposes of a direct comparison between the two viewing 

conditions, the same effect is analysed in Newtonian view using an SLM to analyse the 

potential impact of the SCE-I on the corresponding off-centred VA. Results showed a similar 

directionality parameter as measured in Maxwellian view with a slightly higher tendency. A 

compensation of the luminance variations between the displaced aperture caused by the 

SCE-I, showed an improvement in VA by up to 30% for a 2.5mm horizontal nasal shift. 

Differences found between the nasal and temporal pupil displacements are not explained 

by the aberrations at each pupil entry location alone. Going one step further towards normal 

vision, the integrated SCE is experimentally performed, showing a complete disregard for 

the common belief that the SCE-I function can be analytically integrated to account for the 

full area of a pupil. To explain these inconsistencies, further insight is gained when 

considering the 3D complexion of the retina, instead of the widely used 2D screen-like 

interpretation. 

A volumetric intersection model is introduced that excludes waveguiding by 

photoreceptors and gives support to a first-order geometrical optics understanding of vision 

in terms of the fraction of absorbed light. The analysis is used to elucidate how efficiently 

light stimulates a visual sensation. Good correspondence was found between the 

volumetric model and the experimental results for the Maxwellian, Newtonian and 

integrated SCE, while overlooking any possible effects of waveguiding, or directionality 

within the photoreceptors.  

Using the uniaxial flicker system in Maxwellian view, the SCE-I has been tested under 

luminance variations, confirming a minimum effect in scotopic vision but maximized 
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throughout the mesopic and scotopic luminance regions, and spectral differences, with 

similar SCE-I curves observed within the lower-half of the visible spectrum and 22% higher 

directionality parameters for the upper-half and the near-IR region. The SCE-I is seen to 

vary with retinal location having highest impact at the fovea when measured with green 

light, where visibility is maximized and a decrease with parafoveal eccentricity by up to 50% 

at 7.5° nasal. A similar variation is reported on average with blue light albeit higher variability 

between subjects, and a slightly less of a drop in the directionality parameter with retinal 

eccentricity is seen when using red light. The volumetric model proves to be adequate for 

the SCE-I visibility curves for different luminance field, wavelength and retinal regions, while 

accounting for cone-photoreceptor density and OS lengths.  

The results emphasize the need to incorporate the SCE in accurate eye modelling such 

as in the design of intraocular lenses [122].The rapid reduction of integrated visibility for 

small pupils may also be relevant for aperture inlays used in the treatment of 

presbyopia [123]. It is important for the development of improved retinal models that better 

relate calculated retinal images to vision by taking the detailed cellular structure of the retina 

and pigments into account [52] and where the geometrical optics absorption model in 

combination with wave models including both guided and nonguided components should 

ultimately provide a more accurate description. We are conducting further research in this 

area to bridge the geometrical approach presented here with more detailed electromagnetic 

light propagation analysis. 

To conclude with the SCE, the impact of increasing axial eye length for emmetropes 

and myopes may have on the characteristic foveal SCE-I directionality is analysed. A clear 

link between the SCE-I directionality, uncorrected defocus, and axial eye length is 

confirmed. An increasing reduction in the directionality parameter opening at 16% has been 

registered for a 3D increase in defocus, which is in good agreement with the variation 

predicted by the geometrical relation between the directionality of emmetropic and myopic 

eyes. For further verification, the role of the elongation of the myopic eye has been observed 

to modestly reduce the SCE-I directionality in agreement with the theoretical expectations. 

For the final part of this thesis, a novel DMD-WFS that uses raster scanning of the pupil 

with reflective DMD cells is introduced for quantification and correction of optical 

aberrations. Probing the wavefront sequentially by sensing local tilts avoids the use of a 

lenslet array and thus crosstalk, which is typically the main limitation of commonly used HS-

WFSs. The new device can potentially operate at kHz speed with few sampling points and 

switch to lower speed with denser sampling when required. A numerical analysis is provided 

for the sensor, as well as an experimental proof-of-principle by the introduction of controlled 

amounts of aberrations using AO and ophthalmic trial lenses. 
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Furthermore, the DMD-WFS is used with near-infrared light to measure high ocular 

aberrations. Two types of detectors are compared, a lateral position sensor and the CCD 

scientific camera. The first provides accurate detection at rates of up to 15kHz but requires 

high optical power which is not possible in ophthalmic applications. The latter, although 

operating at lower speeds, allows for higher versatility due to pixel binning for increased 

speed and light capture. It proved to work consistently well both for an artificial eye with 

highly aberrated wavefronts past the limit of the HS-WFS and for the real eye of healthy 

adult subjects. Although results for 2 different sampling densities and speeds varying 

between 5 and 20FPS provided good results, a faster scanning rate would further improve 

accuracy avoiding effect of the unwanted movements in the eye. This could be using a 

faster CMOS camera or using both binary settings of the DMD to double the speed by 

scanning the wavefront with two DMD cells simultaneously. 
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