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Abstract 
 

Integral imaging has recently re-emerged as an alternative to current 3D 

capturing systems, providing post-production refocusing capabilities and 

reducing the complexity of 3D capturing systems. One of the main drawbacks of 

conventional plenoptic 1 integral imaging systems is the implementation of a 

single custom made microlens array which has a fixed focal length and a high 

cost/low scalability associated with. This thesis demonstrates a variable focal 

length microlens arrays system, which can flexibly operate within a range of 

various focal lengths, increase the cost-effectiveness of the integral imaging 

system and offers the opportunity to manipulate the main camera optical 

parameters without modifying the objective lens settings. 

To validate the proposed concept, a custom-made integral imaging camera 

system was designed and built (IMPERX 4K system). Based on the results 

obtained from two initial optical simulations, software simulation and 

mathematical model; the suitable microlens arrays were acquired, and several 

experiments were performed to establish the feasibility of a variable focal length 

microlens arrays system. The results obtained show the proposed system 

performed as expected. The variable focal length system represents an ideal 

method to control microlens focal length, as it offers a higher microlens count, 

without a dedicated electronic system, whose performance is not susceptible to 

temperature-pressure changes and can operate in real-time as it does not 

require downtimes to re-adjust.  

Additionally, an existing technique of increasing the spatial resolution in 

Plenoptic 1 systems was conducted using a different implementation method. An 

alternative technique to fabricate microlens arrays using commercial 3D printers 

was attempted. Throughout the research, the quality of the images was 

improved using relevant optical elements and optimal optical integrations. 
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Chapter 1 

1 Introduction 
 

Humans interact with the world through their senses, especially their vision. 

Roughly 30 per cent of all neurons in the human brain’s cortex is dedicated to 

vision, as opposed to 8 per cent for touch, and 2 per cent for hearing (Grady, 

1993). The real world is perceived in three dimensions (3D) due to the 

perception of depth, which is constructed from two main aspects; the physical, 

attributed to the binocular quality of having two eyes and the brain 

interpretation of “cues” like familiar and relative sizes, shadows, atmospheric 

perspective and position of the eye (Kalloniatis, 2011). 

As technology advances, humans continuously develop new techniques of 

capturing and representing three-dimensional objects; fields like optics and 

computer vision have come together in the last years to generate accurate 

optical and virtual representations of real-world objects. There is a vast 

commercial potential to augment existing technologies in the fields of 

entertainment (television, cinematographic, video games), medical applications 

(keyhole surgery, simulations, 3D X-ray, endoscopy) (Wei, 2013), manufacturing 

processes, surveillance, biometrics, and more.    

Numerous commercially available 3D technologies rely on the use of additional 

equipment like wearable glasses or headsets (stereoscopic); other methods 

project images of different viewpoints directly into the viewer’s eyes 

(autostereoscopic). Integral imaging is an autostereoscopic technique that 

captures light rays angular direction (light field) using incoherent light (visible 

spectrum); the images obtained can then be computationally processed to 

reconstruct images at various focal points (Isaksen, 2000) and thus can allow 

viewers to perceive different viewpoints of objects projected in space.   
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Because autostereoscopic methods offer greater advantages over stereoscopic 

methods (natural viewing, no glasses required), as light field imaging captures 

angular and spatial information of the objects and realistically displaying them in 

space, it is considered the next revolution in 3D technologies. Just a few 

commercial integral imaging cameras have been developed so far, in this sense 

this technology is still in early days. Amongst various set-up configurations of 

microlens array positioning, “standard plenoptic camera” offers the maximum 

representation of depth information (Ng, 2006) as it has the highest angular 

resolution possible.  

While the standard plenoptic camera set-up offers great capabilities for current 

and future capture of three-dimensional images; one of its limitations lies on the 

static positioning of the microlens array in comparison to the digital camera die 

sensor; which restraints the user to just operate the camera within a set of 

predetermined optical parameters. Therefore, this study aims to design and 

implement a standard plenoptic camera that permits the user to optically adjust 

the positioning of the microlens array and consequently expand the optical 

capabilities of the camera; while increasing microlens arrays compatibility with 

digital cameras and reducing implementation costs. 

 

1.1 Brief History of Three-Dimensional (3D) Image 

Representations 
 

Throughout the ages human beings have always had a fascination for the 

representation of three-dimensional objects; the earliest attempts registered, 

are from numerous caves where primitive European humans used to inhabit 

during the Upper Palaeolithic period. These first attempts consisted of two-

dimensional wall painted stick figures representing the hunters and abstract 

images as their pray; three-dimensional representations of objects were created 
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by carving various materials such as ivory, wood, rocks, and others. (Morris-Kay, 

2009). 

The drive for better representations of three-dimensional objects was 

demonstrated with the Greeks and later with the Romans. Although the 

paintings of both cultures remained rather flat with poor perspective (creation of 

linear perspective), their sculptures became masterpieces of uncanny realism. 

Greeks used artistic observation and mathematics to standardise measurements 

of all human body parts (Guisepi, 2001 ongoing), ensuring realistic replications of 

three-dimensional objects.       

The Renaissance period in Europe during the 15th century, represented a time for 

significant discoveries and breakthroughs when artists such as Leonardo Da 

Vinci, Donatello, Michelangelo and others adopted the existing linear perspective 

method from the Greeks and improved it by incorporating mathematics 

developed by Arab scholars (Belting, 2010); within the process creating realistic 

paintings with dimensionality and depth. Linear perspective is a mathematical 

method that creates the illusion of depth on a flat surface, where parallel lines 

(orthogonal elements) converge inwards to a single point. The space between 

the lines and their length is reduced as the lines approach a single point following 

Euclidean geometry (Tsuji, 1996); the perspective technique is combined with 

overlapping elements to create more realistic three-dimensional representations 

on flat surfaces. 

With the advent of the photography, perfected in 1826 by Louis Daguerre, new 

methods emerged to emulate depth perception in two-dimensional mediums 

such as photographs. Based on the principle of the binocular depth perception 

where each eye has a slightly different view of the image in front of them; 

photographers created a new capturing technique called stereoscopic 

photography (Gurevitch, 2013). It consisted of two cameras positioned side by 

side, each photograph has a slightly different perspective of the image; then 

both photographs are optically combined creating the illusion of depth in the 
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viewer, which we call 3D effect. In the following years, the stereoscopic cameras 

grew more sophisticated and their popularity soared, these handheld devices 

were widely used to document the war events of these days.  

A new 3D representation technique emerged in 1908 developed by Gabriel 

Lippmann, called integral photography; it was inspired by insect’s compound 

eyes. This method implements a screen of very small lenses (lenticular lenses) in 

front of the photographic film; each small lens effectively functions as a tiny 

camera that captures the scene from a slightly different angle in comparison to 

the adjacent small lenses (Lippmann, 1908). Once the photograph is developed, 

the lenticular lenses are placed in front and illumination is applied behind the 

photograph; this setting creates a 3D image of the captured scene projected in 

space. This method allows the viewer to perceive images in 3D without the use 

of special equipment or glasses and is called autostereoscopic; although this 

technique represented a vast improvement over previous stereoscopic 

technologies, it remained experimental as the current technology of the time 

could not deliver high-quality lenticular lenses. In 1925 Eugene Estanave 

implemented Lippmann’s technique using 95 small lenses to successfully capture 

and project integral images; by 1930 he managed to accommodate 432 lenses in 

a plate of 6.5 x 9 cm, soon after he abandoned the lenticular lenses method and 

replaced it with pinholes masks (Timby, 2015). 

As cameras technology evolved previous stereoscopic techniques were revived 

and implemented into the new cameras, the side by side images captured with 

stereoscopic cameras; were encoded using filters of different colours (red and 

cyan) one for each intended eye. Using glasses with the same colour code the 

viewer could see each of the two images for each intended eye; the brain then 

fuses both images giving the illusion of a single 3D image. This technique called 

Anaglyph 3D was first presented by Wilhelm Rollmann in 1853 (Rollmann, 1853), 

and it was successfully implemented in a commercial camera called The Realistic 

back in 1947.        
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Another similar method to Anaglyph 3D was demonstrated experimentally in the 

1890s called Polarized 3D; the mechanics of this technique consisted in coding 

each side by side captured image by the stereoscopic camera with different 

orientation polarizing filters, as opposed to red and cyan colours filters. The 

viewer wears polarized glasses to redirect each superimposed motion images to 

each corresponding eye allowing the viewer to have the illusion of 3D images 

(Zone, 2007). The advantage of this method over Anaglyph 3D is that it generates 

images in full colour; currently, this stereoscopy method is widely used in 

cinemas to project 3D rated movies as polarized glasses are inexpensive. 

An alternative stereoscopic method different from Anaglyph 3D and Polarized 3D 

was presented by Laurens Hammond in 1922, called the Teleview, it was a 

system to project stereoscopic motion images. This method utilized for the first 

time an alternate frame sequence technique which consisted of projecting the 

right-eye image into the viewer’s right eye for a fraction of a second (the left eye 

is blocked); followed by the left-eye image projected into the viewer’s left eye 

(right eye is blocked) (Symmes, 2006). This alternated sequence was repeated 48 

times per second per eye, the principle of Persistence of Vision allows the viewer 

to perceive the motion images as three-dimensional representations (Zone, 

2007).  

Liquid crystal electronic devices appeared in the 1970s, offering the opportunity 

to integrate this portable technology in conjunction with alternate frame 

sequence technique. The first liquid crystal active shutter glasses prototype was 

developed by Stephen McAllister in the mid-1970, but it was Sega Video Game 

Company that successfully released a commercial version in 1987 called the 

SegaScope 3-D. Similar to the Teleview invention the active shutter glasses 

alternated the projections of corresponding motion images to each eye 

individually, allowing one eye and blocking the other to receive the projected 

images at any given time (Turner, 1986); with the additional advantage of very 

fast frame rates in the order of 120 Hz.  
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Holography was initially developed by Dennis Gabor in 1947 while working to 

improve the resolution of the electron microscope, but it was the work of 

Emmett Leith and Juris Upatnieks of the University of Michigan back in 1962 that 

recognized the potential of this technology to be used as a 3-D visual medium 

(Johnston, 2006). Holography is a technique that can record in two-dimensional 

mediums the light source scattered off objects (light field); there are numerous 

ways to set-up the main components of this 3D imaging method; however, they 

all require to use two or more identical laser light beams as a source of coherent 

light redirected at the captured object in two or more different directions. 

The first beam it directly illuminates the object, where some of the light is 

reflected off the object onto the recording medium; the second is the reference 

beam which is directed onto the medium. The two laser beams intersect and 

interfere with each other, it is this interference of light patterns what is recorded 

onto the 2D medium creating in the process a virtual image with several 

viewpoints. Although allows the viewer to observe different viewpoints of an 

object in a two-dimensional medium without requiring special equipment such 

as glasses (autostereoscopic); the recording of 3D images requires coherent light 

in very controlled lab conditions, additionally the recorded images do not 

accurately represent the colour scheme of the captured objects. 

In the last years, the integral photography technique developed by Gabriel 

Lippmann in 1908 had a revival, due to the technological advances in the 

manufacturing process of high-quality microlens. In essence, the dynamics of 

Lippmann’s 3D capturing method remained the same; however, instead of 

implementing lenticular microlens, the new technique employs two-dimensional 

arrays of microlenses. The principle is to capture the light source reflected from 

an object scattered in various directions onto the photography medium; where 

each microlens forms an elemental image obtained from a specific point of view 

(Javidi, 2010), this technique is known by Light Field Photography. 



7 
 

Each microlens in the array is a micro camera capturing a specific viewpoint of 

the object; to generate a 3D image, the captured microimages are then arranged 

in their original positions onto a medium or display. The same microlens array 

(same optical parameters) use at the pickup stage is placed in front of the 

medium and illumination is applied at the back of the medium; the convergence 

of all the light rays generated by the array of the microlens in front of the 

medium creates a virtual image projected in space. The viewer can perceive 

three-dimensional real colour representations of objects without the use of 

specialised equipment (glasses); additionally, this technique can record and 

extract depth information (angular resolution) from captured scenes, allowing it 

to change the focus of the scene in post-production (Ng, 2006).   

 

1.2 Current Main Applications of 3D Imaging 
 

In the last decades, three-dimensional 3D imaging has become prevalent in 

numerous industries. As a part of this study, it was imperative to explore the 

main applications currently used in the industry. The entertainment industry has 

adopted 3D imaging technology for many years; predominantly in the cinema 

visual medium, where stereoscopic techniques required audiences to wear 

polarized or anaglyph glasses (Adler, 2014). In recent years the technological 

development of higher resolution display screens enabled the implementation of 

3D imaging in household television displays; the motion pictures can be split into 

two viewpoints without drastic reduction of noticeable image quality. 

Additionally, modern smart TV’s have wireless connectivity that enables them to 

connect to compact active shutter glasses; these glasses synchronize in real-time 

with TV’s dual viewpoints projection, allowing users to experience 3D native 

content. Furthermore, smart TV’s devices have the computational power to 

generate pseudo-3D content (2.5D) based on 2D native motion pictures, called 

2D to 3D video conversion (Feng, 2011). 



8 
 

The gaming industry has grown exponentially in the last years, initially was 

focused on specific user markets but nowadays has become mainstream. The 

available game platforms have diversified, ranging from dedicated game 

consoles, arcade, computers, portable handheld devices, mobile devices and 

more; correspondingly, their targeted audiences have also grown. 3D gaming is 

at the heart of this industry that strives to make games more realistic and 

immersive, so gamers can truly explore and experience the world as their 

character would. There are 2.2 billion gamers across the world, generating an 

expected $108.9 billion in revenues in 2017 and a forecast of $128.5 billion by 

2020 (McDonald, 2017); this market trend will continue, growing further every 

year and accordingly will 3D gaming, augmented and virtual reality applications.  

The other main 3D industry corresponds to medical applications; where 3D 

technologies are used to design prosthetics, orthopaedic, orthodontics, plastic 

surgery, 3D X-ray and dermatology (Li, 2008) (Cheah, 2003). Three-dimensional 

laparoscopic has improved the surgical performance of standardized ex-vivo 

tasks; where surgeons can perceive depth, experience better spatial orientation 

and improve accuracy (Honeck, 2012). With constant improvements in 

telecommunication technologies, the 3D laparoscopic has become even more 

relevant as “Telesurgery” procedures can be remotely performed by experienced 

surgeons anywhere in the world (Kumar, 2008). 

There are more industries where 3D imaging technologies had made an impact; 

in biological studies, it is highly desirable to visualize and analyse 3D microscopic 

images, to extract biologically meaningful knowledge and respective processed 

results (Long, 2012). The MRI 3D scanner, ultrasound, laser, and others; can 

analyse dimensionally real 3D bodies’ internal and external composition, to 

recreate 3D models that can be studied in more detail (Bernardini, 2002). Land 

surveying has also benefited from 3D imaging technologies, using laser and GPS 

systems to capture the surroundings, process the obtained information and 

reproduce virtual scaled models in 3D display devices (Sukumar, 2012). 
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1.3 Market Potential of 3D Imaging 
 

Numerous fields, different from previous well-established 3D industries 

mentioned before, have already incorporated 3D imaging technologies onto their 

industries. Although some applications have achieved excellent results, currently 

these industries are still developing and researching the potential of 3D imaging 

technology further (Prasad, 2017). The industrial automation is a fast-moving 

field that has adopted 3D techniques to enable industrial robots to dynamically 

locate and manipulate small objects, allowing them to see as a human would; 

these robots are now capable of performing tasks that were previously too 

difficult. Robots can be faster, increase repeatability and production; it is 

estimated there were 207,000 industrial robots worldwide in 2015 (Bruce, 2015). 

Time of flight applications measure the time it takes for light to travel to an 

object and return to the sensor, this technique gives accurate readings on depth 

information; when combined with existing 3D imaging technologies, it offers a 

powerful tool able to detect and scan adjacent objects (Francis, 2015). 

Applications for this technology include the automotive industry, where pre-

crash and pedestrian detection systems are used; aerospace industry, robotics, 

measurement sensors, quality control and earth topographic are also some of 

the most common applications of this 3D imaging technology (Nitsche, 2012). 

Well established fields are adopting 3D imaging techniques to improve their 

performance and expand their capabilities; security and surveillance emerged as 

one of the most predominant industries where they can track missiles or the 

faces of suspects using 3D imaging (Koschan, 2007). Recently 3D imaging in 

combination with radiological data has been implemented in forensic medicine; 

other fields as broad as art and cultural heritage (anthropology and archaeology) 

have acquired, model and visualized data obtained from live pieces (Sansoni, 

2009). Additionally, reverse engineering has been implemented with 3D 
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techniques to create engineering specifications and drawings directly from 

existing objects. 

1.4 Aims 
 

After researching extensively the 3D imaging technologies, in particular, the 

integral imaging methods and based on the current microlens positioning 

integrations, some limitations were noticed. As a result, personal motivation to 

improve some of the limitations observed in previous systems emerged. The 

following are the main aims of this research study. 

• Design and implement a microlens array system that can change the focal 

length of the microlens within a predetermined range following standard 

plenoptic camera configuration. 

• Design a cost-effective microlens array system, which effectively will be 

the optical equivalent of numerous expensive microlens arrays single 

units. 

• Increase the spatial resolution of the standard plenoptic integral imaging 

camera system. 

• Reduce the microimages diffraction phenomenon.  

• Reduce the cost of fabrication of microlens arrays. 

• Improve the microimages resolution by increasing the number of pixels 

recording light information (fill factor) and reduce the distortion of 

images. 

 

1.5 Objectives 
 

First, an integral imaging camera system must be designed and built, starting 

with the development of a relay lens system that could facilitate access to the 

camera sensor. Afterwards, proceed to design and build direct integration of an 
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integral imaging system to further explore the capabilities of standard plenoptic 

systems. Once both camera systems have been implemented, the integration of 

optical elements to complete the microlens variable focal length setup can be 

integrated and further developed. 

To implement a doublet lens system consisting of one Plano-concave microlens 

array and one Plano-convex microlens array, where the variable focal length of 

individual microimages could be optically designed and implemented. Able to 

extend the focal length of the combined system within a determined range; 

additionally, this system would be the equivalent of several microlens arrays with 

various focal lengths within the Dual MLA variable system parameters. 

Effectively, maximizing the capabilities of the standard plenoptic camera by 

allowing the modification of the microlens arrays system parameters, without 

the need to acquire and incorporate additional microlens arrays. 

Based on existing methods to increase the spatial resolution of standard 

plenoptic camera configuration of integral imaging systems, alternative 

implementation setup could be conducted offering technical advantages over 

the previous existing implementation. Since the Canon 5D system has the 

effective aperture outside of the integral imaging system, the phase glass could 

be easily implemented without modifying the camera optical elements, as such it 

could be as portable as the Canon 5D system itself; furthermore, this camera 

setup would not require a larger and more expensive phase glass. 

Taking advantage of the flexibility of the relay lens Canon 5D system, the 

effective aperture can be customised using external custom made square 

apertures to increase the light information the microlenses can register and relay 

to the camera sensor, this is commonly known as fill factor of individual 

microimages and overall array. Additional optical elements could be 

implemented to reduce common aberrations and improve image quality. 
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1.6 Contributions 
  

Several contributions were made in the course of this research study, they are 

explained in more detail in the subsequent chapters; the following is a summary 

of these contributions: 

• Designed, built and implemented relay integral imaging system cameras 

and a more flexible and robust direct integration of integral imaging 

system camera. 

• Improved the quality of microimages by increasing the fill factor, as a 

result, more data is obtained from each microimage by using the custom-

made square aperture. Additionally, various optical aberrations were 

reduced using optical elements in combination with optimal optical 

implementations. 

• A variable focal length of microlens array system was designed, built and 

implemented using Plano-concave and Plano-convex microlens arrays, to 

effectively create a mechanical variable system that can have several 

combined focal lengths using only two arrays. This system also 

overcomes most of the limitations derived by the cover glass of camera 

sensors. 

• Several calibration procedures were implemented to accurately position 

all the optical elements involved in all the integral imaging cameras. 

• Based on an existing method to increase the spatial resolution of integral 

imaging cameras (plenoptic 1), an alternative implementation method 

was introduced to overcome existing limitations. 

• In the search for less complex or/and expensive methods of fabrication 

of microlens arrays, an alternative method was pursuit were commercial 

3D printers could be used to design and fabricate microlens arrays. 
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1.7 Thesis Overview  
 

This overview aims to present a general map of the thesis content structure: 

Chapter 1: An exploration of the history and development of 3D technologies, 

their main current applications, and their market potential. The thesis aims, 

objectives, and contributions are listed and briefly explained. 

Chapter 2: Serves as a foundation that covers relevant theoretical principles of 

3D technologies such as stereoscopic and autostereoscopic; followed by integral 

imaging systems configurations, optical distortions, calibration, image quality, 

and the roll this study within the 3DVIVANT research project consortium.  

Chapter 3: Explains the main steps necessary to design, build and implement 

integral imaging custom-made cameras; using relay lens and direct microlens 

array mount optical configurations. 

Chapter 4: The main distortions and aberrations corrections are described; 

additionally calibration methods and optimization of microimages are explained. 

Chapter 5: The variable focal length of microlens arrays is designed, built, and 

implemented within the direct integration integral camera system. Optical 

simulations, software simulations, and mathematical model are explained in 

conjunction with camera modifications and calibrations. Experimentation and 

results validated the proposed system. 

Chapter 6: A new implementation of an existing method to increment spatial 

resolution is explained, developed and results are presented. 

Chapter 7: An alternative approach to the existing fabrication of microlens arrays 

using 3D printing techniques is explored and tested. 

Chapter 8: Summary of the results achieved in this thesis study, further scoped 

work and the possible future direction of this field.  
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Chapter 2 

2 Overview of 3D Imaging Techniques 
 

2.1 Introduction 
 

The concatenation of technological advances in the field of Computer Vision, the 

exponential development of digital cameras in line with Moore’s law  (Moore, 

1965) and the manufacturing of high optical quality microlens arrays, have 

facilitate the resurgence of existing 3D imaging technologies that initially could 

not be developed to their full potential due to the unavailability of high 

technological equipment. Nowadays the current 3D technologies have greatly 

improved viewers perception of depth and natural immersive experience of 3D 

images (Son, 2013). 

This chapter revises related concepts of three-dimensional technologies 

expanding on the previous review conducted in the Introduction chapter. 

Initially, the stereoscopy method is discussed as it represents the model of 

human vision where just two viewpoints are generated from observed objects. 

Expansion on the generation of viewpoints is explained in autostereoscopic 

techniques that provided greater depth information from captured objects. 

Based on previous definitions and in line with the latest developments of 3D 

imaging; integral imaging theory is discussed in more detail with an emphasis on 

recent developments and optical configurations of the plenoptic cameras. 

Following the overview of 3D technologies, this chapter explores the concepts of 

common optical distortions that affect the optical quality of captured images; 

the importance of image quality in comparison to well-calibrated camera 

systems is briefly explained. Additionally, the main types of microlens arrays are 

described in terms of two-dimensional shapes and arrangement. Finally, an 
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overview of the context of this research study within the 3DVIVANT consortium 

is explained. 

 

2.2 Three-Dimensional Imaging Technologies 
 

Three-dimensional images are spatial representations that provide the 

perception of depth; the viewer is presented with slightly different versions of an 

object’s viewpoints for each eye, creating the illusion of observing 3D images. 

Currently, there are several three-dimensional imaging technologies for 

capturing and displaying 3D content; these methods can be separated into three 

main groups. The first requires the viewer to wear special equipment in the form 

of glasses to separate the information destined for each eye (stereoscopic); the 

second allows the viewer to receive different viewpoints without the need of 

glasses (autostereoscopic) and the third method creates a multi-view imaging 

system that enables the viewer to naturally observe 3D images and experience 

left-right movement parallax.  

2.2.1 Stereoscopy  
 

Today’s stereoscopic 3D imaging technology is based on stereo vision, where the 

left and right eye images are presented to the viewer separately through the use 

of additional equipment. The first published work into 3D imaging of 

stereoscopic representations was conducted by Sir Charles Wheatstone 

(Wheatstone, 1838). When photography was in its infancy, he invented a device 

called stereoscope that used two mirrors set at 45 degrees angle from the 

viewer’s eyes; the device projected two slightly different drawings directly into 

the viewer’s eyes, creating in the process the illusion of depth (Wolfe, 2015). 

Figure 2.1 shows the basic setup of the stereoscope device; the viewers then 

position their eyes directly in front of the mirrors and adjust the sliding boards 

and the picture panels accordingly to create the illusion of 3D images.    
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Figure 2.1      Wheatstone Stereoscope Device (Wolfe, 2015) 

 

Based on the same fundamental principles of the stereoscope and taking 

advantage of the relentless progression of technological advances; later 

developments gave birth to alternative more scalable stereoscopic techniques 

where viewers didn’t require to position their heads in front of a bulky 

apparatus. Instead, the viewer just needs to wear special glasses that separate 

the images meant to reach each eye. The following are the main stereoscopic 

glasses technologies that are widely used in today’s three-dimensional 

applications.     

Anaglyph Technique: This method starts by capturing two images with a 

separation of approximately 6 centimetres in accordance with the human 

interpupillary average distance. Using different colour filters (red and 

cyan/green) to capture each view intended for each eye; both images are then 

combined in the viewer’s brain to create the illusion of depth (Qian, 1997). Figure 

2.2 shows a common type of anaglyph glasses and the typical dual colour 

anaglyph raw images as they were captured, without being processed by the 

viewer’s brain (no 3D illusion representation). 
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Figure 2.2      Anaglyph Stereoscopic Technique (McGill, 2014) 

 

Polarization Technique: To overcome the main limitation of the anaglyph 

method, consisting of the poor representation of accurate colour rendition of the 

original images; the industry needed to develop a new stereoscopic technique 

that can separate the images meant for each eye, without compromising in the 

true colour rendition. By implementing polarized filters this method manage to 

separate two different superimposed projected viewpoints; the perceived 

resulting 3D images have a true colour representation, but due to the blocking of 

the incoming light that each eye is exposed to, they tend to be darker than 

equivalent two-dimensional images. Figure 2.3 illustrates the main principles of 

3D polarization technique. 

 

Figure 2.3      Polarized Stereoscopic Technique (McGill, 2014) 
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Active Shutter Technique: The principle of active shutter glasses technique is, in 

essence, the same as the polarization method; however, it uses a different 

approach to separate the two superimposed projected images. Based on the 

concept of alternate frame sequence developed by Laurens Hammond in 1922 

and using liquid crystal technology; this technique can filter the two different 

images in a timely sequence, that alternates between the right and left eye. The 

advantage of this method is that it utilizes the full resolution of the display at any 

given time. Figure 2.4 represents the basic principle of this technology. 

 

Figure 2.4      Active Shutter Stereoscopic Technique (Lancelle, 2008) 

 

Stereoscopy techniques take advantage of human binocular vision and the brain 

interpretation of “cues” to provide viewers with the perception of 3D images 

using 2D display systems. The advantage of stereoscopic techniques is that it can 

be implemented using a more conventional camera and display systems, making 

these methods easy and relatively low-cost to implement. However these 

methods have critical disadvantages; for instance, the anaglyph method suffers 

from an inaccurate colour representation of 3D images and crosstalk, whereby 

each eye sees small parts of the images intended for the other eye producing 

what is called a ghosting effect (Woods, 2010). 
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Polarize technique is an improvement over the anaglyph method as it can 

produce 3D images with accurate colour representation based on the original 

images. The main disadvantages of this technique consist of the drastic reduction 

of 3D images resolution; because one single display must constantly project two 

different viewpoints using the same available resolution, effectively halving the 

total resolution of the resulting 3D images (Wang, 2010). Additionally, the 

polarized glasses constantly block half of the images for each eye; the resulting 

effect is a darker representation of 3D images that in turn lowers the original 

quality of the captured content.   

The active shutter technique represents an improvement over the polarized 

method, where the perceived 3D images have the full 2D display native 

resolution. However, this method is also prone to drawbacks as it requires more 

expensive displays/glasses to operate at double refresh rates to eliminate the 

flickering effect on the 3D displayed images. The LCD glasses are very dark; even 

when they allow light to pass through, they still slightly dark due to the intrinsic 

polarization of LCD technologies. All previous mentioned stereoscopic glasses 

tend to produce discomfort when viewers used them for long periods of time 

(Malik, 2015), as generally is intended; in the process limiting the acceptance and 

applications of these stereoscopic techniques.  

 

2.2.2 Autostereoscopic  
 

Based on the shortcomings of stereoscopic techniques, alternative methods 

emerged as a response to solving previous limitations, in particular, the 

requirement for the viewer to wear special equipment (glasses) to perceive 

three-dimensional images. The autostereoscopic current methods allow the 

viewer to perceive 3D images without the need of wearing any special 

equipment. The following are the more widely commercially implemented 

autostereoscopic techniques. 
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Holography Technique: This technique can record light wave interference 

pattern on a photographic or suitable medium; when illuminated by the 

appropriate light it can produce a 3D image. The recording process requires a 

coherent light source (a beam of photons with the same frequency) that does 

not spread or diffuse; a laser beam is implemented to produce interference 

fringes on the recording medium. The most common setup consists of a laser 

beam split into two beams; the first beam is the “reference beam”, which is 

directly aimed at the recording medium. The second beam is the “object beam” 

which is directly aimed at the object, the reflection of incident light bouncing 

from the object is then recorded on the medium. As shown in Figure 2.5. 

 

Figure 2.5      Holography Autostereoscopic Technique (Yadav, 2014) 

 

The reference and reflected light beams are combined to form a recorded 

interference pattern in the recording medium. When the hologram is illuminated 

from the same direction of the reference beam, a 3D image of the captured 

object can be seen. Holography can capture both the phase and the amplitude of 

the light waves from an object; where the phase information is converted into 

variations of light intensity, to enable the recording medium to register the 

images (Jeong, 2010). 
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Holography technique captures the light field of an object. When properly lit 

produces three-dimensional images with more than two viewpoints; by shifting 

position, the viewer can experience movement parallax, where the view of the 

object changes. This seamless concatenation of successive viewpoints represents 

the main advantage of this autostereoscopic technique, Figure 2.6 shows 

different captured viewpoints from a single holography image. 

 

Figure 2.6      Holography Technique Parallax (Holographic Technology, 2014) 

 

Parallax Barrier Technique: This technique consists of the separation of two 

viewpoints by interposing a series of fixed slits in the display. Thus, effectively 

forming a barrier between the viewer and the display screen; where each 

corresponding viewpoint is directly channelled to each corresponding eye 

(Okoshi, 1976). The stereo-pair images are interleaved precisely to prevent the 

right eye to see the images meant for the left eye and vice versa, as shown in 

Figure 2.6. 

 

Figure 2.7      Parallax Barrier Technique (3D without glasses, 2012) 
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Head Tracking Technique: This technique works similarly to the parallax barrier, 

but it takes advantage of the recent development of display technologies and 

tracking systems. The position of the viewer’s head-eye is tracked, and then the 

parallax barrier is dynamically adjusted to appropriately display the two 

viewpoints so that each eye can always see the correct images (Tetsutani, 1994). 

The advantage of this method over the fixed parallax barrier is that extends the 

angle of view of the viewer so it can perceive the three-dimensional images 

within a greater horizontal range. 

 

Lenticular Lens Technique: This method applies the same principle of the 

parallax barrier but instead of a fixed series of slits attached to the display, it 

implements a lenticular lens sheet precisely positioned to separate the 

viewpoints (Harman, 1996) as shown in Figure 2.8. The advantage of this 

technique is that it uses refraction rather than occlusion; as a result, the 3D 

images are brighter. This technique can deliver movement parallax; by increasing 

the number of stereo viewpoints, the viewer can shift position from side to side 

and see different perspectives of the three-dimensional object. 

 

Figure 2.8      Lenticular Lens Technique (Glasses Free, 2007) 
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In comparison to stereoscopic methods, previously explained autostereoscopic 

techniques offer more advanced and sophisticated representations of 3D images. 

The main feature of autostereoscopic technologies is that it releases viewers 

from wearing special equipment such as dedicated glasses, overcoming in the 

process the previously explained stereoscopic associated drawbacks. 

Nonetheless, the autostereoscopic methods are also constrained by the 

following important disadvantages.  

Holography recording requires a very controlled environment to capture images; 

where darkroom settings, coherent light (lasers) and high precision positioning of 

optical equipment is needed during the recording process. These conditions 

diminish the practical applications for holography; in particular, the adequate 

recording of 3D video images. Furthermore, the quality of the 3D representation 

of the recorded holography still image depends on the successful duplication of 

the physical properties of the original recording light conditions (Onural, 2006). 

The parallax barrier technique has a narrow view angle, requiring the viewer to 

stand at an ideal perpendicular distance from the display screen and 

simultaneously, at the appropriate horizontal shifting position; so that both eyes 

can see the correct viewpoints. Additionally, the barrier partially blocks the light 

emitted by the display, effectively reducing the overall brightness of the 

projected 3D images. The head tracking method can slightly expand the fixed 

parallax barrier angle of view; however, it is only able to accurately project one 

stereo-pair of viewpoints to a single viewer at any given time. 

The lenticular lens technique can generate more than two viewpoints, allowing 

the viewers to experience movement parallax. Unfortunately, this method does 

not provide the up-down perception of movement parallax due to the 

implementation of the lenticular lens (Dodgson, 1999). Causing the projected 3D 

images to only shift in one axis, which in turn gives the appearance of stretched 

or squashed 3D images when the viewer is not positioned at an optimal distance. 
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Stereoscopic and autostereoscopic techniques tend to cause eye strain, fatigue 

and headaches after prolonged viewing. These common discomforts of viewers 

are mainly based on the principle of vergence-accommodation conflict (referred 

to as VAC). The issue is that the viewers are required to focus on the screen 

plane (accommodation) but to converge their eyes to a point in space in a 

different plane (convergence), producing unnatural viewing (Leroy, 2016) (Zhang, 

2013). With recent advances in digital technology, some of these human factors, 

which result in eye fatigue, have been eliminated. However, some intrinsic eye 

fatigue factors will always exist in stereoscopic 3D technology (Onural, 2007). 

 

2.2.3 Integral Imaging  
 

Integral Imaging is an autostereoscopic technique that can capture and 

reproduce a true volume spatial model (light field) of captured objects. It is 

analogous to holography technique in the sense that three-dimensional 

information is registered on a two-dimensional medium that can be reproduced 

as a full 3D spatial representation. Nonetheless, integral imaging does not 

require coherent light fields to record holograms; this is a crucial advantage over 

holography, as it permits more conventional live recording and displaying 

methods to be implemented. 

Developed and implemented by Lippmann in 1908, the initial optical setup 

consisted of a screen of very small lenticular lenses positioned in very close 

proximity (one focal length) in front of a photography medium; with each lens 

capturing a different perspective view of the scene (Lippmann, 1908). This initial 

setup could only generate horizontal movement parallax; which similarly to 

autostereoscopic lenticular lens technique which can produce unwanted 

distortions in 3D images representations. 
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The advent of technological improvements in the manufacturing processes of 

high optical quality microlens arrays; have enabled the substitution of the 

lenticular lens in the integral imaging camera for a dual-axis microlens array. This 

improvement is crucial to accurately project optical model (full light field) 

representations of captured objects (Manolache, 2001). Where movement 

parallax can be observed by the viewer in both horizontal and vertical directions. 

Figure 2.9 illustrates how the integral image system can capture different 

consecutive viewpoints of the scene. 

 

 

Figure 2.9      Integral Imaging Capture Stage (Xiao, 2013) 

 

Integral Images Quality Improvement Techniques: 

 

Before the recorded integral images can be displayed it is necessary to first 

resolve the intrinsic pseudoscopic issue, derived from performing the opposite 

procedure of recording which it is displaying.  The depth information of the 

scene must be inverted to accurately represent the original captured scene. With 

the recent developments in computational power, the pseudoscopic distortion 
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can be resolved by using mathematical algorithms that can process each 

captured microimage and generate an equivalent inverted copy version.   

Several solutions to eliminate the pseudoscopic images have been implemented; 

the simplest method consists in computationally rotating each microimage 

(elemental image) by 180 degrees (Okano, 1997), the following processing and 

displaying procedures converts the pseudoscopic images to orthoscopic. A 

physical approach to overcome the pseudoscopic issue was developed; using an 

integral imaging system composed by three convex lenses and a geometrical 

optics model, that prevents the overlapping of elemental images, the system can 

reproduce orthoscopic 3D images in real-time (Arai, 2006). 

The quality of the three-dimensional images depends on the sharpness of the 

elemental images recorded at the pickup stage. Typically objects in a scene are at 

different depth positions and when capturing the images, only a single plane is 

used; therefore, not all objects in the scene can be in focus. By extending the 

depth of field of the recorded scene, more objects will be in focus in the 

captured elemental images. 

There are various studies conducted, that aimed at extending further the depth 

of field of elemental images. A technique based on the modulation of the 

amplitude transmittance of the microimages was implemented, to improve both 

the depth of field and consequently the spatial resolution of 3D integral imaging 

systems (Martinez-Corral, 2004). By blocking the centric area of the microlens, 

the product of depth and resolution square (PDRS) of an integral imaging system 

could effectively be increased by 370%. This technique relies on the 

implementation of image processing rather than elaborated optical setups. 

Another conducted study can increase the depth of field by repositioning two 

types of elemental image planes; generating in the process two central depth 

planes (Jung, 2004). This DOF extension technique used two different 

implementation methods; one consisted of a structure with different optical 

path lengths in combination with polarization-selective mirrors; the second 
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implements a mirror barrier array. Crucially this study requires complex 

alignment of numerous optical elements to be able to further extend the depth 

of field of recorded microimages.  

Depending on the configuration of the microlens array within the integral 

imaging camera (plenoptic camera) and the desired final applications (video or 

still images); additional quality improvement methods can be implemented. A 

research study focuses on improving the traditional multi-view stereo methods 

that often results in reconstruction errors due to aliasing; by applying Lambertian 

(reflectance) and texture preserving techniques in combination with a custom 

image formation model before the generation of multi-views (Bishop, 2012). 

First, the three-dimensional depth of the scene is retrieved by matching anti-

aliased views, followed by a deconvolution process; this technique enables the 

improvement of the depth of field, reduces aliasing distortions and increases the 

overall resolution of the resolved images. 

The main advantage of the integral imaging system is the recording of light field 

information (angular resolution); however, an alternative microlens arrays 

configuration enables these systems to trade-off angular resolution (Depth) for 

spatial resolution (Image resolution), this will be discussed further in the 

following session. A study based on focused plenoptic camera configuration 

developed an algorithm to super-resolve the integral images for these systems; 

the key success of this technique is to avoid subpixels shifts between different 

aliased observations of the high-resolution images (Georgiev, 2010). To achieve 

the previous a dedicated optics design is implemented to support the 

superresolution model; after experimentation, the resulting rendered images 

show a 9 times increase in spatial resolution in comparison to previous basic 

plenoptic 2.0 method. 

A novel approach to overcome some of the limitations of the computational 

integral imaging reconstruction (CIIR) technique was developed. The CIIR is a 

pixel-overlapping reconstruction method that tends to suffer from undesirable 
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interference due to the superposition of elemental images; first, a block 

matching algorithm eliminates the occlusion-disturbance and then implements 

the back-propagation (neural networks method) to improve the low-resolution 

images (Li, 2014). This method uses numerical simulations to demonstrate the 

efficiency of this proposed encryption algorithm.  

Previously explained techniques to improve the image quality of the original 

recorded integral images, addressed just some of the main parameters that can 

be improved using modern computer vision technologies and/or physical optical 

elements configurations. Once the quality of integral images is enhanced it is 

necessary to use a display implementing a microlens array; to reverse the 

capturing process and project the elemental images in space. Integral image 

system does not project stereo-pair viewpoints directly into the viewer’s eyes 

(lenticular lens technique); instead, the recorded scene is re-constructed in space 

as a result of the intersection of ray bundles originating from each microimage. 

Figure 2.10 graphically shows how this occurs. 

 

 

Figure 2.10    Integral Imaging Display Stage (Xiao, 2013) 
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Integral imaging technique offers critical advantages over previous stereoscopic 

and autostereoscopic methods; this technique can record the light field of a 

scene, capturing in the process real depth information; that later can accurately 

reproduce 3D images in space using dedicated displays with mounted microlens 

arrays. It overcomes the viewer’s crucial discomfort issues by allowing the 

accommodation and convergence work in unison achieving natural stress-free 

viewing (Leroy, 2016). Furthermore, integral imaging offers fatigue-free viewing 

to more than one person, independently of the viewer’s position. With recent 

advances in the theory and microlens manufacturing, integral imaging is 

becoming a practical and prospective 3D display technology and is attracting 

much interest in the 3D area. It is now accepted as a strong candidate for next-

generation 3D visualisation systems (Onural, 2007). 

 

2.2.4 Plenoptic Cameras 
 

As previously mentioned before, Gabriel Lippmann is accredited with the first 

implementation of the microlens in a camera without using additional optical 

elements; to capture depth information of the scene. Back in 1903 an American 

physicist Frederic Eugene Ives filed a patent of a camera configuration that 

implemented a pinhole array with an objective lens positioned in front of it (Ives, 

1903). Within the following decades, several camera designs were proposed 

including a patent filed for a camera that captured pictures which are viewable in 

stereoscopic relief (Coffey, 1936).  

From 1970 through 1987 a group of researchers in the Soviet Union led by Yu A. 

Dudnikov produced an impressive body of work that included more than twenty 

technical papers about developments of autostereoscopic integral image 

cameras (Dudnikov, 1970). As the years passed by the digitalization of imaging 

capture devices gave way for a revival into the research of plenoptic cameras; as 

recorded images can be stored as data instead of a physical medium, which in 
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turn made the process less expensive to implement, also facilitating the 

rendering and other processing practices in post-production. 

A ground-breaking integral imaging research study was published in 1992 by 

Adelson and Wang; where the first plenoptic camera (a term coined in this 

publication) prime configuration was implemented (Adelson, 1992). The camera 

integrated a digital image capturing sensor, a lenticular lens array and an 

objective lens (main lens). An alternative setup implemented a relay lens to 

convey the images from the lenticular lens to the camera sensor; this camera 

was able to produce sub-aperture images for the first time. Additionally, this was 

the first study to implement a computer-aided process to analyse the disparity of 

the recorded integral images. 

The Figure2.11 illustrates a simple ray tracing model showing the orientation of 

directional information of objects at different distances from the camera. Where 

in (a) a single elemental image (EI) captures the point in space; (b) the image 

point converges behind the sensor and is recorded by three elemental images 

and (c) converges in front of the sensor flipping the images in the process. 

 

Figure 2.11    Ray Tracing of Plenoptic Camera (Adelson, 1992) 
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Since the development of the first plenoptic camera, integral imaging systems 

have been intensely investigated and developed in recent years by numerous 

research groups and companies. As a result, significant plenoptic camera 

configurations have emerged; each of these systems offers key advantages and 

inevitably intrinsic disadvantages. The main difference between these 

configurations is the positioning of the microlens array in comparison to the 

camera sensor and the objective lens; the following are the three main plenoptic 

camera system configurations widely use up to date. 

Standard Plenoptic Camera: The microlens array (MLA) is placed at one focal 

length from the camera sensor and the objective lens is located at one focal 

length from the MLA as illustrated in Figure 2.12. This camera setup has a high 

angular resolution but at the cost of low spatial resolution; the resulting image 

after processing has a spatial resolution equal to the number on microlens in the 

array (Ng, 2006). This plenoptic camera has been successfully implemented and 

extensive research has been done by a Stanford University research team.  

 

Figure 2.12    Standard Plenoptic Camera (Ng, 2006) 

 

Focused Plenoptic Camera: The microlens array is placed at more than one focal 

length from the camera sensor and the objective lens is positioned at more than 

one focal length in front on the MLA as depicted in Figure 2.13. This camera 

setup has a lower angular resolution but higher spatial resolution, as more than 
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one microlens, can capture a point in the scene. This integral imaging camera has 

been successfully implemented by a team of researchers from Adobe Systems 

and Indiana University (Georgiev, 2010). 

 

Figure 2.13    Focused Plenoptic Camera (Georgiev, 2010) 

Multi-Focus Plenoptic Camera: The MLA is placed at more than one focal length 

from the sensor and the objective lens is positioned at more than one focal 

length in front of the MLA. The individual microlenses have a different focal 

length as seen in Figure 2.14. This camera setup extends the depth of field of the 

overall image but reduces the spatial resolution at image planes (Perwass, 2012). 

It was implemented by the researchers that founded a company called Raytrix.  

 

Figure 2.14    Multi-Focus Plenoptic Camera (Perwass, 2012) 
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Taking into consideration the stereoscopic and autostereoscopic techniques 

researched and developed in recent years; it becomes clear that Integral imaging 

offers key advantages that validate this method as the best option in the future 

to capture and display more realistic and accurate three-dimensional scenes 

(Javidi, 2015). The relentless improvements in digital cameras technologies and 

the manufacturing of high-quality microlens arrays have paved the way for the 

development of advance plenoptic cameras. 

The paramount function of the plenoptic cameras is to capture the maximum 

possible angular information of a scene. Initially, the standard plenoptic camera 

was limited by low pixel count on digital camera sensors, wider pixel size and 

lenslets with bigger pitch sizes; as a consequence the generated rendered images 

have a low spatial resolution, equivalent to the number of the microlens in the 

array. In response to these limitations, alternative plenoptic cameras (Focus and 

Multi-Focus) were developed to trade-off a proportion of the angular resolution 

for spatial resolution; these methods presented advantages at the time, as the 

resulting processed images benefited from higher spatial resolution with relative 

depth information. 

However, following the technological trend predicted by Moore’s Law in 1965, 

stating that the number of transistors per square inch on an integrated circuit 

will double approximately every two years (Moore, 1965); it is necessary to 

highlight that digital camera sensors technologies have also followed this trend. 

In 2006 the standard plenoptic camera developed by Ren Ng had a 2D resolution 

of 0.08 megapixels using a Kodak digital camera sensor of 16 megapixels (Ng, 

2006); by the year 2014 Lytro Company (founded by Ren Ng) released the Lytro 

ILLUM with a boosted 2D resolution of 4 megapixels (“Lytro”, 2015). 

Furthermore, the Canon Company announced in 2015 the development of a new 

digital CMOS sensor (“Canon develops”, 2015) that incorporated a staggering of 

250 megapixels in APS-H format size (approx. 29.2 x 20.2 mm). 
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All these recent developments of standard plenoptic cameras and the current 

and predicted improvements of relevant technologies are effectively and 

substantially overcoming the initial limitations of the low spatial resolution of 

standard plenoptic camera technique. Since this method captures the maximum 

angular information in comparison to the other two techniques and 

simultaneously is improving exponentially its spatial resolution capabilities; it 

becomes evident that standard plenoptic camera configuration is the best 

technique to capture three-dimensional scenes in the foreseeable future. 

Substantiate on the previous analysis this thesis study focusses on the further 

development of standard plenoptic camera technique. 

 

2.3 Optical Distortions 
 

Optical camera systems are integrated by numerous optical elements (lenses) 

that are carefully arranged to allow light rays originating from a scene to 

accurately travel to the camera sensor. The quality of the captured images 

depends on numerous factors including material of the lenses, refractive index, 

the shape of the lenses, the arrangement of lenses, etc. The delicate balance of 

integrating different lenses with different optical parameters all configured in 

one system often results in undesirable optical distortions that are noticeable to 

the naked eye. The following are some of the most common distortions related 

to this study. 

Vignetting: Is a progressive darkening of the captured image from the centre 

towards the edges, occurs as a result of marginal rays not being able to converge 

into the camera sensor as shown in Figure 2.15. There are several types of 

vignetting ranging from mechanical, optical, natural and pixel; in this study, the 

mechanical (physical obstruction) vignetting is the most noticeable. 
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Figure 2.15    Optical Distortion Vignetting (Campbells, 2011) 

 

Barrel Distortion: Is an optical aberration commonly observed when wide-angle 

lenses are implemented in an optical system. It happens when the field of view 

of the objective lens is much wider than the size of the camera sensor; therefore, 

the captured scene is squeezed to be able to fit into the sensor area. Notice the 

left image in Figure 2.16 has a severe barrel distortion where the building lines 

are curved outward, in comparison to the straight lines of the right image.  

 

 

Figure 2.16    Optical Distortion Barrel (O’Boyle, 2012) 
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Spherical Distortion: Occurs when an optical lens made with spherical surfaces 

with incoming passing light rays parallel and at different distances to the optic 

axis fails to converge all light rays to the same point. The light rays passing 

through the lens near the horizontal axis are less refracted than the light rays 

close to the edges of the lens, affecting the image resolution and clarity. The left 

image of Figure 2.17 shows a graphical representation of the convergence 

disparities of different light rays, the right image is a photograph illustrating the 

peripheral out of focus distortion. 

 

    

Figure 2.17    Optical Distortion Spherical (Mansurov, 2017) 

 

There are numerous methods to mitigate or solve some of the previously 

mentioned optical distortions; the integration of high-quality optics is imperative 

as they are manufactured with cutting-edge materials and fabrication methods. 

The appropriate positioning and alignment of all the optical elements in the 

system is essential to ensure the best image quality; the implementation of 

additional optical elements to correct or counter-act prior distortions in the 

system. In subsequent chapters, some applied correction methods will be further 

explained. 
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2.4 Optical Calibration 
 

The calibration of the imaging capturing systems such as cameras is essential to 

yielding the highest quality images; numerous commercial cameras can 

implement numerous objective lenses. Although the majority of these 

components work well together, their combination is not necessarily a hundred 

per cent compatible and distortion-free. It requires the use of camera test charts 

(Figure 2.18 Left) and a systematic and gradually testing of camera parameters 

until the desired image quality is obtained.  

The plenoptic camera is an optical system essentially integrated by three main 

components, the objective lens, the microlens array and the camera sensor. 

Commercial objective lens is accurately calibrated in state of the art facilities, 

therefore no internal objective lens calibration is required. However, when 

designing and implementing a plenoptic camera the positioning of the microlens 

array in respect to the camera sensor and the objective lens must be calibrated. 

The correct positioning of the microlens array is critical to generate the highest 

quality 3D images possible; the microlens array must be precisely in parallel to 

the camera sensor in all three main axes (Pitch, Roll and Yaw) and at one focal 

length distance from the sensor. The calibration can be performed using 

conventional test charts or an autocollimator device for higher precision (Figure 

2.18 Right), both methods will be further explained in chapter 4. 

    

Figure 2.18    Optical Calibration (Mansurov, 2017) 
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2.5 Microlens Arrays and Fill Factor 
 

Nowadays microlens arrays are used in numerous applications that range from 

microscopes imaging, optic fibres coupling, the light efficiency of CCD arrays, 

mobile phone cameras, 3D imaging and displays, photovoltaic solar cells, sensors 

and more (Petru, 2007). Over the years several types of microlens arrays have 

been fabricated depending on their intended implementation; Figure 2.19 shows 

the main shapes and grid arrangements present in commercial microlens arrays.  

      

  Circular lenslets in orthogonal grid  Circular lenslets in a hexagonal grid 

       

   Square lenslets in orthogonal grid            Hexagonal lenslets in a hexagonal grid 

Figure 2.19    Microlens Arrays Shapes and Grid Arrangements 

 

The microlens arrays fill factor refers to the maximum amount of information 

that each microlens in conjunction with the overall array arrangement can 

record. In plenoptic cameras it is necessary to match the objective lens aperture 
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with the numeric aperture of individual lenslets; additionally, the grid 

arrangement must minimize the dead spaces between contiguous lenslets. The 

square shape microlens array in the orthogonal grid arrangement can yield a high 

fill factor close to 100% (Yang, 2004). 

 

2.6 3D VIVANT Project 
 

This thesis study “Capturing of 3D Content Using a Single Aperture Camera” 

initially conducted whilst pursuing a PhD degree in Brunel University was 

researched and developed as part of a comprehensive high calibre European 

funded project. The Live Immersive Video-Audio Interactive Multimedia (3D 

VIVANT) project was integrated by the following 9 partners from 7 EU countries: 

Brunel University (UK); Centre for Research & Technology Hellas/ Informatics & 

Telematics Institute (Greece); Institut für Rundfunktechnik (Germany); 

Holografika (Hungary); Instituto de Telecomunicações (Portugal); Rundfunk 

Berlin – Brandenburg (Germany); RAI Research Centre (Italy); European 

Broadcast Union (Switzerland) and Arnold & Richter Cine Technik (Germany). 

The overall aim of the 3D VIVANT project consisted of investigating the 

possibility of developing and implementing various technologies to capture and 

display three-dimensional (3D) content. Using the integral imaging (Holoscopic) 

technology as the adopted method where just a single aperture camera is 

required to record 3D images; such a camera must be specifically designed and 

built within the 3D VIVANT project scope.  

Additionally to the capture and display of 3D content; complementary 

technologies must be developed within the project to further enhance the 

immersive three-dimensional viewer’s experience, for instance, the generation 

and reproduction 3D spatial sound, the implementation of custom video 

processing algorithms, the testing of broadcasting user case, the improvement of 

search and retrieve methods and other related developments. 
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The 3D VIVANT project is a multidisciplinary endeavour that researched various 

technological fields including optical and electronic engineering, computer 

graphics, design and art and computer science; these subjects required to be 

managed using business models and market research. To ensure the successful 

completion of the project a well-defined strategy highlighting the main five 

technological developments was structured as shown in Figure 2.20.  

This thesis study research had the responsibility to design, build and implement a 

single aperture plenoptic camera able to capture 3D content; providing an 

optimal optical configuration that could be replicated and successfully 

implemented in ARRI Alexa motion picture camera. This thesis study was 

developed under the “Camera Design & Manufacture (CDM)” section; specifically 

the subsection “3D Holoscopic Camera Optics”.  

 

Figure 2.20    3D VIVANT Overall Strategic (3D VIVANT, 2013) 
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Due to the complexity and size of the 3D VIVANT project, it was necessary to 

organize it into 8 work packages as illustrated in Table 2.1. The thesis study is 

contained within work package 3; more specifically WP3.2 “Optics Design, 

Simulation and Testing”, which started in the first month of the project and was 

conducted (within the 3D VIVANT project) during the following 33 months.  

 

Table 2.1      3D VIVANT Work Package Structure (3D VIVANT, 2013) 

 

Although the 3D VIVANT project was integrated by 9 partners; the overall 

involvement of the research team from Brunel University was rather substantial 

in comparison, accounting for an overall of 21% as shown in Figure 2.21.  

 

Figure 2.21    3D VIVANT Partners Involvement (3D VIVANT, 2013) 
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2.7 Conclusion 
 

The development of immersive technologies like 3D imaging has grown 

exponentially in the last years due to the technological advances in digital 

camera devices, manufacturing of high-quality micro-optics, ever more powerful 

computer vision systems, fast communications, ubiquitous mobile devices, 

market demand growth and many more factors. It is considered that 3D imaging 

technologies are still in their infancy and near-future developments will generate 

an exponential expansion of their current applications and uses. 

During the course of this chapter, the main current 3D imaging technologies 

were explained in detail. Starting with the stereoscopic method where the key 

disadvantages like incorrect colour representations, darken images, low spatial 

resolutions and viewer’s requirement to wear glasses; limit these technologies 

further development. Autostereoscopic methods solved most of the stereoscopic 

limitations; however, they have a limited number of viewpoints and tend to 

cause eye strain, fatigue and headaches due to the vergence-accommodation 

conflict. In comparison integral imaging technique produces real 3D images in 

space; increasing in the process the number of viewpoints and eliminating 

viewer’s discomfort issues, additionally, several methods to improve the integral 

image quality and their accurate representation (pseudoscopic) were explained. 

The main three plenoptic camera configurations were described, highlighting the 

pros and cons of their specific ratios between spatial and angular resolutions. 

The standard plenoptic camera is considered the best system to implement, 

based on the constant advances of imaging technologies and its superior spatial 

resolution. The main optical distortions present on developed plenoptic camera 

were analysed; the importance of accurate camera calibration procedures to 

produce high-quality images was highlighted. The influence of the shape and 

arrangement of lenslets in MLA’s have in the fill factor was illustrated, followed 

by a description of this thesis study within the context of 3D VIVANT project.  
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Chapter 3 

3 Development of Custom Built Integral 

Imaging Camera Systems 
 

3.1 Introduction 
 

The previous chapter introduced the concepts of integral imaging systems; this 

chapter will describe the physical implementation of the relay integral imaging 

systems and the implementation process of the direct integration of integral 

imaging system; several tools were designed and built in this research project to 

enable the development of the mechanical variable focal length system of 

microlens (Chapter 5) and the optical generation of microimages method 

(Chapter 6). 

To build a light field camera, it was necessary to overcome one of the key issues, 

which is mounting the microlens array in very close proximity in front of the 

camera sensor. The separation between both is determined by two main factors: 

the focal length of the microlens array and the thickness of the camera sensor 

cover glass which generally is composed of filters to improve image quality. 

Often the separation required between the microlens array and the sensor cover 

glass is within a range of few hundred to three thousand micrometres.  

Most commercial cameras have a sensor which is deeply embedded within the 

camera body. These tend to be surrounded by mechanical parts contained in a 

very confined space. Due to these limitations, it is extremely difficult to mount 

the microlens array directly into conventional commercial cameras. 

To overcome these limitations, it was necessary to implement additional optical 

elements in the form of a relay lens system which is safely placed a few 

centimetres in from of the sensor shown in Figure 3.1 below. The relay lens can 
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accurately image what the microlens array captures and relay it into the sensor 

without having to gain access to the camera’s sensor enclosure. This idea was 

conceived by (Lippmann, 1908) and has been implemented by others such as 

(Adelson, 1992), (Okano, 1997), (Arimoto, 2001). These integral imaging camera 

systems were conceived, developed and implemented as part of the 3DVIVANT 

research project. 

 

Figure 3.1       Relay Lens Integral Imaging Camera (Lanigan, 2011)  

 

3.2 Canon 5D Integral Imaging System 
 

Before this integral imaging camera was designed and build it was necessary to 

conduct exhaustive research and software optics simulations (Zemax) (Lanigan, 

2011), to determine the required and most suitable components to be 

implemented.  

3.2.1 Digital Camera Selection 
 

A Canon EOS 5D MarkII DSLR camera was choose to be part of the integral 

imaging system, see Figure 3.2 below, as it offers key advantages such as: Full-

frame digital sensor (36mm x 24mm), high pixel resolution (21.1 megapixels), live 

preview which allows the continuous reproduction of what the camera captures 

Camera

Microlens array Relay lens

aperture

Sub-images

3D object
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in real-time, full HD video capture, interchangeable lens (EF), shutter speed 

control, metering control and many advanced features.  

 

Figure 3.2       Canon EOS 5D Mark II DLSR Camera (Lally, 2015)  

 

3.2.2 Choosing Relay Lens 
 

To build the prototype in a short time to start experimentation and to simplify 

the building process a commercial relay lens from stock was implemented. The 

chosen relay lens is a Rodagon (Rodenstock), focal length=50mm, with a variable 

aperture stop that ranges from F#2.8 to F#16, it has a magnification factor of 

1.89x, see Figure 3.3. 

 

Figure 3.3       Rodagon Lens, f=50mm, F#2.8 to F#16 (Lanigan, 2011)  
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This Rodagon lens model is a suitable candidate as it has key parameters that are 

ideal for the integral imaging system such as f=50mm which is comparable to 

human vision, a variable aperture that allows more control over the light 

throughput of the system and a magnification factor that facilitates the use of 

smaller microlens arrays. 

 

3.2.3 Relay Lens Main Enclosure 
 

Two aluminium cylinders see Figure 3.4, were custom made to allocate the 

Rodagon lens, the 80mm cylinder was attached to the front side of the lens and 

the 50mm cylinder to the backside of the lens. The length of the cylinders 

corresponds to the front/back focal lengths of the Rodagon lens and the position 

of the camera sensor within the camera body.  

                                            

Figure 3.4       Custom Made Aluminium Cylinders for Rodagon Relay Lens. 

 

3.2.4 Cylinders Coupling Components  
 

An adapter for the EF-mount camera was integrated into the 80mm cylinder, 

allowing a precise attachment of the cylinder to the camera body. At the 50mm 

cylinder, a cage plate adapter was attached to provide flexible means for 
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coupling the relay lens structure with the microlens array mount (30mm 

equidistant holes) and simultaneously provide the structure that holds the 

objective lens (60mm equidistant holes), see Figure 3.5. 

              

Figure 3.5       EF-Mount Camera and Cage Plate Adapters (Thorlabs, 2016)  

 

3.2.5 Microlens Array and Objective Lens Mounts 
 

The microlens array is contained within a precision cage rotation mount for 

optics of 25mm of diameter see Figure 3.6. The array is secured using retaining 

rings that could be positioned at various depths within the internally threaded 

cylinder. It has a manual smooth rotation mechanism with graduations on a dial, 

labelled every 20 degrees of rotation and a precision of 5 arcminute accuracy. 

A 60mm cage plate is attached to an adapter for Nikon female F-mount ring 

allowing the integration of Nikon objective lens into the system. To prevent not 

intended sources of light reaching the microlens array, a lens tube is connected 

to the opposite cage plate side, closing the gap between the objective lens and 

the microlens array. To interconnect both 60mm cages a series of assembly rods 

were used and securely placed using small screws within the cage’s plates.  
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Figure 3.6       Cage Rotation Mount, Nikon Female F-Mount (Thorlabs, 2016)  

 

3.2.6 Objective Lens 
 

The Canon 5D integral imaging system allows the utilization of Nikon F-mount 

lens as the objective lens of the system. In this regard, although it can implement 

many compatible lenses, it was necessary to find an all-round objective lens that 

constituted the best trade-off between wide-angle lenses and telephoto lens. A 

wide-angle lens allows more of the scene to be captured but tends to reduce 

parallax generation and introduces optical distortions, whereas the telephoto 

lens generates more parallax and reduces distortion but restricts the size of the 

scene captured. 

Based on the previous it was determined that the ideal objective lens should 

have a focal length of around 50mm. Another key parameter to take in 

consideration was the maximum aperture stop, which requires being as wide as 

possible to maximize if necessary, the fill factor of the microimages captured by 

the microlens array. The objective lens implemented was the Nikon (Nikkor) 

f=50mm, F#1.2 to F#16, focus between 0.5m to Infinity, with 7 elements in 6 

groups and a 9 bladed diaphragm that projects a smoother circumference into 

microlens microimages, shown in Figure 3.7.   
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Figure 3.7       Nikon (Nikkor) f=50mm, F#1.2 to F#16 (Rockwell, 2012)  

 

3.2.7 Microlens Arrays 
 

The microlens array similar to the objective lens was chosen based on a trade-off 

of the desired parameters to have. One of the main parameters to decide upon 

was the pitch of the microlens which could be smaller or bigger in size. A bigger 

microlens array pitch allows to have more depth information (Angular 

resolution) at the expense of image resolution (Spatial resolution); whereas a 

smaller MLA has a less angular resolution but greater spatial resolution. 

Other important parameters to take into consideration was the shape of the 

individual microlens, it was determined the best shape is square as it offers a 

greater surface of the microlens to be used in particular at the corners (Round 

microlens leave empty spaces at their edges), consequentially square microlens 

increases the fill factor of microimages. Finally, the focal length of microlens 

must be chosen to take into consideration the impact it has over the aperture F# 

and subsequently light throughput of the system, distortions and speed of the 

lenses. 
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Based on previous considerations it was selected a suitable candidate for Canon 

system the MLA was manufactured by Adaptive Optics Associates (Pitch = 

250µm, Focal Length = 1000µm and square microlens) as shown in Figure 3.8. 

        

Figure 3.8       Microlens Array (Pitch = 250µm, F = 1000µm, Square Microlens) 

 

3.2.8 Design Layout 
 

Once all main components were acquired, the design of the integration layout 

was drawn as shown in Figure 3.9 below. From the layout the following 

representations were made:  L0 = Nikkor 50mm lens, L1 = Rodagon 50mm relay 

lens, NF = Nikon female F-mount, AP = cage plate, RM = cage rotation mount, 

MLA = microlens array, T0 = 50mm aluminium cylinder, T1 = 80mm aluminium 

cylinder and C5D M2 = Canon 5D MarkII DSLR. 

 

Figure 3.9       Canon 5D Integral Imaging System Layout (Lanigan, 2011)  
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3.2.9 Final Prototype Implementation 
 

The prototype was assembled according to the previous specifications. To reduce 

lateral forces acting upon the elongated tubular structure containing optical 

elements and subsequently affecting the quality of the images captured; the 

integral imaging system was mounted over a Zacuto mount system as shown in 

Figure 3.10. One plate supports the camera; the other plate uses a Thorlabs pole 

connected to the cage plate to provide adjustable support for the objective lens. 

 

Figure 3.10     Final Prototype of Canon 5D System (Lanigan, 2011) 

 

3.2.10 Tests and Results 
 

Before initial images were captured using this system it was necessary to 

implement a thorough calibration process and quality image optimizations which 

will be explained in the next chapter. An optical bench was used to secure the 

camera system in place and a set of photographic lighting. The first images with a 

white background were captured, it was important to match the main objective 

lens circular aperture with the central area of MLA to avoid superimposition of 

adjacent microimages. 



52 
 

The first thing to notice from initial tests as shown in Figure 3.11 is the presence 

of a severe vignetting, which is characterized by the reduction of an image 

brightness towards the peripheral area in comparison to the centre. 

 

Figure 3.11     Canon 5D System Initial Image (Severe Vignetting) 

 

3.3 Canon 7D Integral Imaging System 
 

Part of the 3D VIVANT research project consisted of the development of an 

integral imaging system that it works with ARRI Alexa digital motion picture 

camera, using the design and implementation principles applied to Canon 5D 

system. 

Since the ARRI Alexa camera has a different image sensor size, flange 

shape/diameter and is meant to integrate a different objective lens mount. It 

was necessary to change certain aspects of the design of the Canon 5D system 

and adapted to the new camera. 
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ARRI Alexa camera is not commercially available to buy; therefore, the only way 

to have access to this camera is through rental. The redesign process of the relay 

integral imaging system required to have the ARRI camera for a prolonged 

period, which could be very expensive. To avoid unwanted project costs, it was 

determined that during the redesign process is best to use a commercially 

available camera that has similar image sensor size as ARRI camera. Once the 

redesigned and build of the alternative relay integral imaging system is 

completed it will be fully compatible with ARRI camera.  

 

3.3.1 Digital Camera Selection 
 

The Canon EOS 7D DSLR camera was chosen as it has a similar image sensor size 

see Figure 3.12 below (22.3 x 14.9 mm) in comparison to ARRI Alexa camera 

(23.76 x 13.37mm). This is a semi-professional camera with numerous 

photographic features; it has 18 megapixels (5184 x 3456) pixels, it uses the 

same software as Canon 5D, same battery and cables. Further reducing costs as 

accessories and software can be shared between both Canon cameras. 

 

 

Figure 3.12     Canon EOS 7D DLSR Camera (Canon, 2016) 
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3.3.2 System Relay Lens 
 

Due to the smaller size of the image sensor, the system requires a different relay 

lens with a reduced magnification factor that compensates and better matches 

the dimensions of the sensor. The chosen relay lens was the Apo-Rodagon D 

enlarging lens see Figure 3.13, focal length = 75mm, with a variable aperture stop 

that ranges from F#4 to F#22 and a reduced magnification factor of 1.19x. Notice 

that from previous Canon 5D system the magnification factor has decreased to 

match the smaller digital sensor of Canon 7D camera. 

 

Figure 3.13     Apo-Rodagon D Lens, f=75mm, F#4 to F#22 (B & H, 2016)  

 

3.3.3 Integral Imaging Adapter Enclosure 
 

The overall design of this system is very similar to Canon’s 5D with a few 

structural differences. The cylinders, although they are still made of aluminium, 

have a greater diameter and are more robust to provide additional support for a 

heavier objective lens. An additional cylinder was added to attach the objective 

lens replacing the 60mm cage plate used on Canon 5D system. 

The objective lens and microlens rotary mount cylinders have each them, control 

dials to increment/reduce the distance between the Rodagon relay lens and MLA 
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(Control Dial 1) and between MLA and Objective lens (Control dial 2). Also, the 

MLA cylinder has an embedded post to be connected to a rail system and 

provide additional support.  

The Figure 3.14 shows the tube adapter distinctive segments, from left to right 

they are: Objective lens cylinder with integrated control dial 2, cage rotary 

mount with assembly rods and MLA, MLA cylinder with integrated control dial 1 

including embedded post support and relay lens cylinder. Both ends of the 

adapter have a PL mount (Positive Lock) which is fully compatible with ARRI 

Alexa camera. 

 

Figure 3.14     Adapter for Canon 7D and ARRI Alexa (Lanigan, 2011)  

 

3.3.4 Final Prototype Implementation 
 

An EF-mount to PL adapter was added between the camera and the integral 

imaging tube to connect both securely. Figure 3.15 shows the completed Canon 

7D integral imaging system assembled and mounted on a Zacuto rail. Various 

high quality fixed focal length prime lenses were implemented in this system. 

Notice the microlens array can be rotated through an opening in the MLA 

cylinder. The system was tested and generated very similar initial images as the 

Canon 5D system, including the presence of severe vignetting.  



56 
 

 

Figure 3.15     Final Adapter Prototype Integrated With Canon 7D System 

 

3.4 ARRI Alexa Integral Imaging System 
 

At this stage, the new integral imaging adapter is finished and ready to be 

integrated with the ARRI Alexa camera. The camera, objective lens and facilities 

were rented at ARRI UK. The system was assembled on ARRI site, thereafter 

initial images were captured, these showed similar results as the Canon 5D and 

Canon 7D cameras systems. 

3.4.1 Design Layout 
 

The Figure 3.16 below shows the ARRI Alexa integral imaging system layout, the 

following representations are made: L0 = ARRI Master Prime 65mm lens, L1 = 

Apo Rodagon D 75mm relay lens, T0 = objective lens cylinder, T1 = MLA cylinder, 

T2 = relay lens cylinder, RM = cage rotation mount, MLA = microlens array and 

ARRI Alexa digital motion picture camera. Notice the overall track length of the 

system is 521mm as oppose of the 153mm when this objective lens is connected 

directly to the camera. 
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Figure 3.16     ARRI Alexa Integral Imaging System Layout (Lanigan, 2011)  

 

3.4.2 Final Prototype Implementation 
 

Once the prototype was assembled based on previous diagram layout it was 

mounted on a robust ARRI rail system and tripod to reduce lateral forces acting 

upon the adapter tube and consequently affecting the quality of the images 

captured due to misalignments of system optical elements. Figure 3.17 shows 

the ARRI camera system assembled with their respective main components 

labelled in various colours scheme.  

 

Figure 3.17     Final Prototype of ARRI Alexa System (Steurer, 2012)  
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3.4 Direct Integration of Integral Imaging Camera 

System 
 

After extensive tests were performed using the Canon 5D relay integral imaging 

system during an 18 months research period. The analysis of the images 

captured indicated shortcomings, on elongated tubular structure (Relay lens 

setup) inherently has. In this regard additional optical elements were 

implemented (Chapter 4) to counteract the vignetting effect; however often in 

optics, it is not desirable to integrate new optical elements as each of them can 

potentially introduce distortions into the overall optical system. 

During each test performed, the camera system was calibrated (Chapter 4) to 

ensure that each of the images captured was accurate and the subsequent 

analysis was reliable. This constant calibration process due to parameters 

changes in setup conditions to explore/research thoroughly the system; tended 

to consume a considerable amount of time. This inconvenience was exacerbated 

by the mechanical limitations the Canon 5D integral system has; specifically, the 

manual method used to linearly adjust the objective lens and MLA positions 

within the tube adapter. 

The initiative to develop a new integral imaging system comes as a response to 

reduce most of the limitations of the current Canon 5D system. These 

improvements could also increase the mechanical accuracy and flexibility of the 

system. Although the previously mentioned drawbacks need it to be corrected; 

there were not the only ones, some other related disadvantages are briefly 

explained below. 

The system relatively lacks structural robustness; most of the weight is 

distributed in the front part of the tubular adapter, which leads to lateral forces 

acting upon the main components' interconnections, especially on the EF-mount 

that connects the camera body and the adapter. Therefore, the correct 

alignment of the system optics could be affected.  
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The linear positioning of the cage rotation mount containing the MLA lacks 

precision (doesn’t move perfectly parallel to the camera sensor). Neither offers 

precise MLA axis alignment positioning as it just allows two out of six possible 

axis movements (Forward-Back and Roll). This makes the calibration procedure 

more difficult and as a result consuming more time than necessary. Since the 

objective lens is also kept in place by assembly rods it suffers from the same lack 

of linear positioning precision as MLA, although it is not as critical. 

The implementation of additional optical elements (Chapter 4) to reduce the 

severe vignetting resulted in an elongated adapter structure preventing marginal 

rays exiting the MLA to converge into the relay lens. Introducing in the process, 

undesirable barrel distortion and a slightly visible circular glare in the centre of 

images captured. 

The Canon 5D relay system is not light efficient due to the intrinsic optical 

combination of the MLA aperture F-number in conjunction with the relay lens 

aperture F-number. The resulting equivalent F-number aperture of the system is 

a significant reduction of total light throughput (E.g. [MLA F=4 x Relay F=4] = 

[Total F=16]). As a result, the Canon 5D relay system has less amount of light 

reaching the camera sensor; capturing darker images urges the use of 

photographic techniques such as increasing the exposure time to gather more 

light. However, this would not allow the capturing of faster-moving objects as 

they would appear blurry. 

The view angle of the camera system is severely reduced due to the relay lens 

(1.89 magnification factor). This can constitute a serious constraint in 

comparison to the available space needed to capture a scene, also reduces the 

number of microimages captured by the camera sensor and consequently 

decreases the overall spatial resolution. 

One of the advantages of this system is its portability, however, due to the use of 

relay lens, the overall image appears inverted in the camera’s LCD monitor (live 

view), making difficult to judge the scene to be captured and compensate for the 
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orientation of the inverted images displayed on camera’s LCD. The maximum 

video resolution for this camera system (Canon 5D) is 1920 x 1080 which is 

approximately one-tenth (1/10) of its still image resolution. This constitutes a 

limitation when capturing integral imaging video as less raw information is 

available. 

The Canon 5D integral system although offers various technical advantages such 

as the use of commercial digital cameras still has very important limitations in its 

design that require to be modified and improved to implement better and more 

accurate positioning of the optical elements, reduce optical distortions, increase 

video the image quality, reduce the system dimensions, increase the flexibility in 

the use of camera parameters, increase the available scene space, increase 3D 

experience, etc. 

 

3.4.1 IMPERX 4K Integral Imaging System 
 

Initially, it was decided to use commercial DSLR cameras to prove the concept of 

integral imaging without modifying the camera; especially when one of the aims 

was the implementation of the system in the very expensive ARRI Alexa camera. 

However, based on the previous limitations it was evident that a new design 

must be implemented to improve the accuracy of the system and microimages 

quality. 

At this point the shortcoming/limitations of the system outweighed the 

requirement to minimize project costs, therefore became clear that a direct 

integration of the MLA and camera sensor must be implemented to avoid the 

use of the relay lens and its respective drawbacks. 
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3.4.2 Digital Camera Selection 
 

The main requirement was to find a digital camera that facilitates direct access 

to sensor reducing the occlusion of the camera body enclosure, it was also 

necessary to increase the resolution of video images from the previous system. 

After researching various cameras models from several manufacturers, it was 

determined an ideal candidate, the high-performance camera choose is 

manufacture by IMPERX and the camera model was the Bobcat B4020 CCD as 

shown in Figure 3.18 (Lens are not included). This is a high-speed progressive 

scan camera used in industry, military and medical applications. The cost of this 

camera is substantially greater than previous Canon DSLR used. 

 

Figure 3.18     IMPERX Bobcat B4020 C 4K Camera (Imperx, 2014) 

 

The camera has a full-frame size sensor (36 x 24mm), video resolution of 4032(H) 

x 2688(V) pixels (at a rate of 6.4 fps), an extensive array of customizable features, 

it can operate in harsh environments, GigE Vision interface (high-speed video 

transfer and control), dedicated complimentary software, is small/lightweight 

and has many more advanced specifications.  
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3.4.3 Camera Modifications 
 

The camera integrates an F-mount to attach compatible lens see Figure 3.18, 

however it is necessary to remove it to gain access to the sensor. Once four 

security screws are removed from the front side of the camera, the mount is 

easily removed, exposing the structure that protects the sensor. Figure 3.19 

shows the protruding frame around the edges of the sensor, this structure still 

preventing direct access to the sensor.   

              

Figure 3.19     IMPERX Camera without F-mount 

 

After removing the sensor protection frame as shown in Figure 3.20, it became 

clear that it would not be sufficient, as the outer camera body part (golden 

frame) is raised above the sensor cover glass, impeding direct access. The camera 

was sent to IMPERX headquarters in the USA, as they have the necessary 

equipment to perform the required modifications. 
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Figure 3.20      IMPERX Camera without Sensor Protection 

The support of IMPERX Company was exceptional, complying with all 

modifications requirements as shown in Figure 3.21. The golden frame was filed 

down to be levelled with the sensor; a thinner structure to protect the sensor 

was mounted; the cover glass shielding the delicate image sensor was flatten 

even more by removing the unnecessary filter. The resulting distance between 

the top of the sensor die and the top of the cover glass was 1.4mm 

approximately.   

 

Figure 3.21      IMPERX Camera Final Modification 
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3.4.4 Linear Stages 
 

Linear stages are high precision mechanisms that can change position linearly; 

they come with a mounting base to securely attach the camera or other 

components. These linear stages were implemented into the new integral 

imaging camera to optimize the calibration procedure, increase the 

reliability/flexibility of the system and capture optimal quality images. 

Based on Canon 5D system design, it was determined two linear stages were 

necessary: The first stage to increase/decrease the distance between the camera 

sensor and the MLA; the second stage to increase/decrease the distance 

between the camera sensor/MLA (both simultaneously) and the objective lens. 

The Newport M-461-X-M ULTRAlign crossed-roller bearing linear stage (Stage 1) 

was used to mount the camera and control the linear distance between the 

sensor and MLA. It has a labelled resolution of 5µm, angular deviation better 

than 100 µrad in any axis, linear X travel range of 12.7mm and stainless-steel 

plate with M6 hole patterns to keep it securely in place as shown in Figure 3.22. 

 

Figure 3.22      Newport M-461-X-M ULTRAlign Linear Stage (Newport, 2016)  

 

The Newport M-UMR8.25 double-row ball bearing linear stage (Stage 2) see 

Figure 3.23 was implemented to mount the previous stage M-461-X-M 
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containing the camera, it controls the linear distance between the camera 

sensor/MLA and the objective lens. The labelled resolution is 20µm, angular 

deviation better than 100-200 µrad in any axis, backlash-free linear X travel 

range of 25mm and can be firmly attached to a surface using dedicated M6 

screws. 

 

Figure 3.23      Newport M-UMR8.25 Linear Stage (Newport, 2016)  

3.4.5 Microlens Array and Objective Lens Mounts 
 

The microlens array is attached to a 60mm cage rotation mount design to 

integrate 50mm optics, the optics are secured using retaining rings and has a 

continuous 360˚ rotation with 1˚ engraved graduations dial for high rotational 

precision. The objective lens was mounted in a 60mm cage plate with an adapter 

for Nikon female F-mount ring; both mounts are shown in Figure 3.24. 

                           

Figure 3.24      60mm Rotation Mount (Thorlabs, 2016), Nikon Female F-Mount 
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Both previously mentioned cage mounts are going to be attached to a couple of 

custom made aluminium blocks as shown in Figure 3.25. These blocks are used 

to position both mounts and their respective optics to the same Z level (Height). 

Both blocks have the same width and thickness; however, their height is 

naturally different as they are attached to different structures. 

        

Figure 3.25      Aluminium Blocks to Equalize Z Level of Optics 

 

3.4.6 Microlens Arrays 
 

This integral imaging system can accept various microlens arrays. To choose the 

new MLA for this system the same trade-offs previously explained were 

considered; additionally, it was taking into account the reduced spatial resolution 

of Canon 5D system due to the magnification factor of the relay lens.  

Finally, to provide a thorough comparison between the previous relay system 

and direct integration system it was determined that the MLA should have the 

same microlens pitch size. The adopted off the shelve MLA was manufactured by 

RPC Photonics see Figure 3.26 below (Pitch = 250µm, Focal Length = 2500µm, 

Aperture = F#10, a square microlens, 50 x 50mm square array). 

Notice the outer dimensions of the MLA does not correspond to the circular 

shape of the cage rotation mount, there was not available circular shape MLA 

from existing stock; to match both it would require a custom made circular MLA 

which could be very expensive. The compromise was reached and a cheaper 
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already available MLA was acquired, mounting it outside of the rotation dial 

using high-quality double-sided tape at four points to ensure the MLA remains 

parallel to the mount and ultimately to the camera sensor and objective lens.  

    

Figure 3.26      Microlens Array (Pitch = 250µm, F = 2500µm, Square Microlens) 

 

3.4.7 Design Layout 
 

Based on previously described components a general design of the direct 

integration layout was draw as shown in Figure 3.27 below. The following 

representations are made: The IMPERX 4K camera is mounted over the linear 

stage 1; subsequently, stage 1 is mounted on linear stage 2, the MLA is externally 

attached to the rotation mount which is also mounted over the stage 2, the 

objective lens mount is fixed to the system chassis and place in front of the 

rotation mount. 

Notice the camera sensor, MLA and objective lens must be aligned in parallel to 

ensure the light rays travel correctly. The stage 1 is used to position the MLA at 

exactly one focal length of the microlens (In this case at exactly 2500µm in front 

of the camera sensor die); this corresponds to the specifications of Plenoptic 1 

setup. The stage 2 adjusts the image plane of the objective lens, according to the 
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same Plenoptic 1 specifications the image plane should be positioned exactly at 

the microlens axis of symmetry. 

 

Figure 3.27     IMPERX B4020 C Camera Integral Imaging System Layout 

 

A more detailed representation of the layout was produced using CAD 

(Computer-aided design) as shown in Figure 3.28, this facilitates a better 

understanding of the system dimensions taking into consideration that each 

stage requires more space to freely move within each specific linear range. It also 

incorporates a base plate which it would be part enclosure design. 

 

Figure 3.28     IMPERX Camera Integral Imaging System CAD Layout 
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3.4.8 Camera Enclosure 
 

It was important to design a portable direct integration system in line with 

previous Canon 5D and Canon 7D designs, as it can be used in many locations 

other than an optical bench in the lab. Is imperative to ensure the components 

used to build the enclosure are very robust to prevent the structural 

shortcomings present in Canon 5D system. 

A Newport SA2 solid aluminium optical breadboard plate with M6 tapped holes 

was implemented to mount the components, is made of low reflectance 

anodized aluminium and is 20 x 20 cm in size with a thickness of 12.7mm. The 

camera sensor should only capture the light coming from the objective lens, 

therefore it was necessary to block all unwanted light and seal the system to 

prevent the adhesion of dust particles to the optics components, degrading the 

quality of the captured images. 

An enclosure was built around the system components using four 25mm optical 

construction rails as shown in Figure 3.29, they can be attached to the 

breadboard plate using M6 screws, each has four rail channels to accommodate 

additional components. Finally, lightweight and sturdy panels made of black 

hardboard were used as the system’s walls to block light and reduce vibration. 

Each of the panels was slide into position using the channel of each rail. 

 

             

Figure 3.29     Breadboard Plate, Optical Rail and Hardboard (Thorlabs, 2016)  

 



70 
 

3.4.9 Direct Integration Prototype 1 
 

The first prototype was assembled according to the previous specifications. The 

front panel was precisely cut to fit the shape of the objective lens mount 

structure; both lateral panels are the same size to keep the symmetry of the 

system; to ensure the lateral panels firmly slide in place both construction rails 

were attached to the breadboard plate at an angle to compensate for rail 

channels 6.5mm openings as oppose of the 5mm thickness of panels. The back 

panel has precise cut openings to allow the stages dials controls to be operated 

once the system is sealed; high-density foam is used at the top edges of all the 

panels to provide a tight seal; the top panel follows the streamline of the system. 

 

 (a) 

                                                                         

         (b) 

Figure 3.30 (a) shows the 

back side of the system with 

all internal components and 

three panels assembled.  

The back-side panel with 

openings for the stages dials 

controls and the camera 

signal/power cables is shown 

in Figure 3.30 (b). 
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         (c) 

Figure 3.30     First Prototype of IMPERX 4K Camera Direct Integration System 

 

3.4.10 Direct Integration Prototype 2 
 

Although the first prototype proved to perform well generating valuable integral 

images to process and analyse; new approaches emerged to optically create 

higher spatial resolution images (Chapter 6); it would also optimise the 

calibration procedure. This required modifications on the existing prototype 1, in 

particular, the implementation of two additional linear stages (Right-Left and Up-

Down) as shown in Figure 3.31. 

                                            

Figure 3.31     Low Profile Linear Stage and Tiny Post Lab Jack (Newport,2016)  

 

Figure 3.30 (c) shows the 

fully implemented IMPERX 

4K camera direct integration 

integral imaging system. 
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The M-SDS25 metric linear translation stage (Stage 3) would operate the Right-

Left MLA axis; it has a labelled resolution of 20µm and can linearly travel 10mm. 

The 9201 tiny lab jack (Stage 4) is going to control the Up-Down MLA axis; it has a 

resolution of 30µm and a travelling range of 3mm. Notice both stages are very 

small in size to be able to fit in the confined space beneath the camera. 

The Stage 3 was connected to the stage 2 using a custom build 5mm thin 

aluminium plate, the attached M6 screws were modified to avoid contact with 

the control dial. The stage 4 is connected to stage 3 using their complementary 

screw holes as shown in Figure 3.32. A custom-built rod with a knurled surface 

was attached to stage 3 control dial to enable dial control once all the panels are 

in place and the system is sealed. Lastly, it was necessary to modify the right 

panel to accommodate the extension rod with its respective linear translation 

range.  

 

     

Figure 3.32     Implementation of Stage 3 and 4, Custom Build Components 

 

The 60mm cage rotation mount was replaced with a thinner 60mm cage mount, 

this was due to the need of reducing the minimum distance between the 

objective lens and MLA; the rotation mount is also bulky and heavy. The MLA is 

now externally attached to the outer side of the retaining ring of the mount 
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using it to provide motion in the Roll axis when is screw inwards/outwards. To 

connect the MLA mount to stage 4 a custom-made block was built and covered 

in paint to avoid unwanted light reflections see Figure 3.33. The block can be 

manually rotated to enable motion of MLA in the Yaw axis of symmetry. 

 

Figure 3.33     60mm Thinner Cage Mount with MLA and Custom Made Block 

 

3.4.11 Tests and Results 
 

After all calibration procedures were performed the first images were captured, 

similarly to Canon 5D a white background was used, matching the main objective 

lens circular aperture with the central area of MLA to prevent superimposition of 

adjacent microimages. Notice in comparison to Canon 5D system the number of 

microimages has dramatically increased and the vignetting has been 

substantially reduced as shown in Figure 3.34.  
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Figure 3.34     IMPERX 4K Direct System Initial Image (Reduced Vignetting) 

 

Additional images were captured to have a better understanding of the 

differences between both systems (Canon 5D and IMPERX 4K); the cameras were 

carefully mounted on an optical bench one at the time; capturing images using 

the same scene, objects, distance markers and lighting conditions. The objective 

lens in both was placed at the same X-Y axis position in respect to the scene and 

the camera's settings adjusted to generate similar images exposure. 

The Canon 5D system has a custom-made square aperture (Chapter 4) to 

increase the fill factor of microimages as shown in Figure 3.35 an optical element 

was implemented (Chapter 4) to reduce the vignetting effect see Figure 3.36. 
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Figure 3.35     Canon 5D System Captured Image (Square Aperture) 

 

Figure 3.36     Canon 5D System Captured Image (Field Lens) 

The first image shows an improvement in the vignetting, although is not enough 

to generate good quality images. The second image shows the vignetting has 

been greatly reduced, however a faint visible circular glare in the centre of 
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images captured is present and a pronounced barrel distortion has been 

generated due to the implementation of an optical element (Chapter 4). Notice 

both images have a limited view angle that prevents capturing scenes with 

greater dimensions, sometimes making necessary to locate the camera further 

away (when possible) from the scene to compensate. 

Using the same scene and camera location the IMPERX 4K system was used to 

produce similar integral images. Based on the captured image see Figure 3.37 

several advantages/differences can be appreciated: the view angle has increased 

substantially, the number of microimages has increased (spatial resolution), the 

light throughput of the system has increased, the vignetting effect and barrel 

distortion have been considerably reduced without introducing additional optical 

elements and their potentially negative effects. 

 

 

Figure 3.37     IMPERX 4K Direct System Captured Image (Extended View Angle) 
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3.5 Conclusion  
 

The relay lens integral imaging camera system offers the possibility of the 

integration of microlens array with conventional commercial cameras that 

otherwise would be very difficult to customize to allocate an MLA. The Canon 5D 

MarkII DSLR was ideal as it captures high-resolution images (5616 x 3744 pixels), 

also has numerous advanced photographic functions including live view. High-

quality optics components were used to ensure the best quality possible within 

this system inherent limitations. Although the ideal trade-offs of the optical 

elements were chosen, the initial image presents severe vignetting which is 

caused by the tube adapter elongated structure which prevents marginal rays 

from MLA to converge into the relay lens. 

Based on the knowledge gained on the Canon 5D integral imaging system, a 

similar alternative adapter was designed and built, initially using the Canon 7D 

camera as a more economical substitute for the ARRI Alexa camera. Once the 

adapter was built and tested with Canon 7D system, it was ready to be 

implemented with the ARRI Alexa camera. ARRI was part of 3D VIVANT 

consortium, precisely for their cutting-edge digital motion picture cameras, it 

was necessary to develop an integral imaging system compatible with their 

cameras, in particular, ARRI Alexa.  

The Canon 5D system is focused on capturing still images as opposed to the ARRI 

Alexa system which emphasizes video capturing. The initial images captured with 

both systems were in essence very similar to those on the Canon 5D system 

including the presence of severe vignetting. The improvement of image quality of 

all systems at this early stage was imperative, in Chapter 4 these improvements 

will be explained in detail. 

The IMPERX 4K direct integration system was designed, built and developed to 

create a more reliable and advanced alternative to the Canon 5D integral 

imaging system. Three high precision linear translation stages were incorporated 
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into the system to control the following linear movement of the MLA axes: 

Forward-Back, Right-Left and Up-Down. A fourth stage controls the distance 

between the MLA and the objective lens. 

Alternatively, the retaining ring of the mount where the MLA is attached, allows 

manual adjustments to control the Roll axis positioning. The MLA mount block 

can also be manually rotated to enable motion in the Yaw axis of symmetry. In 

total this system can control the MLA position in 5 out 6 possible axes, bringing a 

new level of precision that facilitates the calibration procedures and expands the 

array of research possibilities, influenced by different system optics 

configurations and setups. 

The main shortcoming and limitations of the Canon 5D system were tackled and 

greatly improved. The view angle was dramatically increased; the spatial 

resolution was improved (trade-off with Canon’s 5D excessive angular 

resolution); barrel effect and vignetting were drastically reduced; the system 

remains portable but is very robust; although the camera still images resolution 

is lower the video resolution is double (4K) at 6.4 fps; it offers a greater number 

of customizable camera settings. To facilitate the understanding of the main 

differences between both integral imaging cameras systems the advantages and 

disadvantages of the main parameters were listed in Table 3.1. 

 

 Relay integration method Direct integration method 

 Advantage Disadvantage Advantage Disadvantage 

System 
Robustness 

- Fragile, affected by 
lateral forces on the 
camera body 

Enclosure (chassis & 
panels) secures in 
place all optical 
elements   

- 

Positioning of 
MLA 

- It lacks precision  Is accurately 
controlled by linear 
translation stages 

- 

Light Through 
Put 

- Is not light efficient, 
reduction of light by a 
relative factor of 16x, 
limited by MLA & 
Relay lens apertures 

Has improved light 
efficiency as it is just 
limited by MLA 
aperture  

- 
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Rotation Mount 
Precision 

- Not accurate, small 
diameter exacerbates 
the problem 

More accurate 
bigger diameter 
provides better 
precision 

- 

The positioning 
of Main Lens 

- Not accurate, increase 
the difficulty to 
replicate tests. 

More accurate, 
more control over 
image plane of Main 
Lens 

- 

Vignetting - Severe (no field lens) 
based on test results 

Negligible - 

Barrel 
Distortion 

- Severe (field lens) 
based on test results 

Negligible - 

View Angle for a 
lens (50mm) 

- 19.12º Horizontal 
13.03º Vertical 

39.59º Horizontal 
26.99º Vertical 

- 

System Optical 
Elements 

- Numerous, an 
increment of 
distortions  

Minimal, reduction 
of distortions 

- 

Number of  H-V 
Microimages 
(250µm) 

- 71 Horizontal 
47 Vertical 

144 Horizontal 
96 Vertical 

- 

Magnification 
Factor 

- 1.89x Nil - 

Overall Image 
Inversion 

- Yes No - 

Still Images 
Resolution 

5616 x 3744 - - 4032 x 2688 

Video 
Resolution 

- 1920 x 1080 4032 x 2688 - 

System Length - 339mm 148mm  - 

Sensor Size 36mm x 24mm - 36mm x 24mm - 

MLA Options Interchangeable - Interchangeable - 

Video Frame 
Rate 

25fps (2k) - 6.4fps (4k) - 

Depth of field Limited by F of 
relay lens, can be 
adjusted 

- - Limited by F of 
the microlens, 
fixed 

Access to the 
sensor (Cover 
glass limitation) 

Not required - - Required 

 

Table 3.1      Relay and Direct Integral Imaging Systems Comparison  
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Chapter 4 

4 Cameras Calibration, Distortions Corrections 

and Image Quality Optimization 
 

4.1 Introduction 
 

As previously explained in Chapter 2 and 3, the integral imaging cameras have 

two main optical entities; The MLA and the objective lens, both must be 

accurately positioned according to the specifications that govern the setup of 

integral imaging system configuration 1 (Known as Plenoptic 1) as discussed in 

Chapter 2. Basically, consists of locating the MLA at one focal length in front of 

the camera sensor die and the objective lens focal point focused at MLA axis of 

symmetry. 

Two calibration procedures were implemented to comply with the plenoptic 1 

integral imaging configuration and to prevent negative effects in image quality. 

Initially, a qualitative calibration with an empirical approach was performed. 

Ultimately, a quantitative calibration was introduced to increase the level of 

accuracy. 

This chapter explores the methods used to reduce the vignetting effect that 

Canon 5D system inherently exhibits and the subsequent barrel distortion 

generated by vignetting reduction method. It will describe how to increment the 

fill factor of captured individual microimages (Canon 5D system) using a custom-

made aperture. 

Finally, how to optimize the quality of captured images by exploring different 

combinations of camera settings and ambient light conditions. Additionally, it 

would denote a custom-made tool that accurately provides depth information of 

the scene. 
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4.2 Cameras Calibration 
 

As with most optical systems and sensitive equipment, it is necessary to perform 

calibration procedures to ensure the system is configured and operates 

according to the design specifications and intended use. Considering this is a 

research project which inherently implies the exploration of numerous tests 

setups and conditions, it was necessary to develop reliable, accurate and 

efficient methods to calibrate and re-calibrate the integral imaging systems time 

and time again without affecting image quality and assuring consistency.   

 

4.2.1 Qualitative Calibration Method 
 

Initially, an empirical approach was used to calibre the Canon 5D system. Based 

on the work performed and described by (Lumsdaine, 2008) and (Bishop, 2012) 

previously explained in Chapter 2, the reference images generated according to 

the position of objects’ image plane produced by the objective lens in relation to 

the MLA position can be used to determine the correct position of MLA and 

objective lens simultaneously. 

In conventional optical camera systems (Object-Lens-Sensor) if an object is at 

70cm from the objective lens, the objective lens focus is set to 70cm and the 

same object captured by the camera sensor appears to be sharp/in focus; it is 

considered that the objective lens is in the correct position. Any objects that are 

relatively behind or in front of the 70cm depth of field range will appear blurred 

since light rays converge in front or behind the camera sensor, as a result, they 

are out of focus. 

In integral imaging systems, the same dynamics apply, however, the results differ 

in appearance. Based on the previous example when a conventional image is in 

focus, the equivalent plenoptic 1 system microimages appear blur (Bishop, 2012) 
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and inversely when conventional images were out of focus, the corresponding 

plenoptic 1 system microimages appear to be in focus and with two possible 

orientations (non-inverted and inverted) depending on the position of the image 

plane in comparison to MLA position (Lumsdaine, 2008). 

Once the scene is ready and the Canon 5D system is set in the optical table as 

shown in Figure 4.1, the calibration procedure starts by setting the focus of the 

objective lens at 100cm corresponding to the distance of the object (Spiderman 

figurine) from the position of the MLA (not the objective lens as it was the case in 

the conventional camera system). 

 

Figure 4.1       Qualitative Calibration Scene Setup 

Using the Canon live view mode to monitor the images captured by the camera 

in real-time, the objective lens and the MLA positions were very carefully 

adjusted numerous times in no particular order until the microimages 

representing the Spiderman figurine appear blurred and unintelligible as 

illustrated in Figure 4.2. This corresponds to the correct position of the objective 

lens and the MLA based on the plenoptic 1 specifications. 
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Figure 4.2       Qualitative Calibration Reference Image 

 

Figure 4.3       Qualitative Calibration, Objective Lens at Infinity (Plenoptic 1)                         

 

 

    (b) 

 

 

    (c) 

 

 

    (a) 
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Figure 4.4       Microimages Orientation Based on Focal Point Position 

 

From Figure 4.2 three smaller sections were extracted corresponding to different 

objects/distance in the scene (Spiro the dragon 50cm, Spiderman 100cm and 

Test chart 300cm) as shown in Figure 4.4. Notice microimages in (a) are not 

inverted as the focal point is behind MLA’s axis of symmetry; in (b) microimages 

are blurred as the focal point is at MLA’s axis of symmetry; finally in (c) 

microimages appear to be inverted as the focal point is in front of MLA’s axis of 

symmetry. 

This method although acceptable is intrinsically not sufficiently accurate because 

it uses individual microimages as a reference to determine the correct position of 

(a) 

(b) 

(c) 
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the objective lens and MLA. With this method is ideal that microimages are small 

in size to better pinpoint the moment when the blurring of the microimages 

occurs, however in this particular setup microimages have a size of 80 x 80 pixels 

approximately, which is in detriment to the accuracy of the calibration 

procedure.  

Even if smaller microimages were used to calibrate the system it would not be 

precise enough due to the microimages inversion process. Once the blurriness 

(reference calibration point) is found the MLA position could be slightly 

readjusted in either direction without any considerable change in microimages 

appearance, making it difficult to accurately reproduce the calibration 

procedure. It is important to mention this method does not guarantee 

coplanarity of MLA.  

 

4.2.2 Quantitative Calibration Method (Collimator) 
 

In the optics industry, often the optical equipment such as microscopes and 

telescopes are calibrated using precision optical collimators/autocollimators. 

They emit collimated light (parallel rays) that travel parallel to lens optical axis, 

once these rays travel through the lens they converge into a single point, this is 

defined as the focal point of the lens. 

The Autocollimator AKR 140/40 CCD and LED Illuminator both from Moeller 

Wedel were used as the source of collimated light. Although this is an 

autocollimator, the calibration procedure just requires to be used as a collimator 

since the camera sensor is utilized. Once the parallel rays go through the lens it 

forms a distinguishable cross pattern in the sensor (at lens focal point). 

Is imperative the autocollimator rays are accurately parallel aligning with the 

MLA and objective lens optical axes. To facilitate this alignment a Micro block 4 

axis low profile waveguide manipulator with differential drives from Thorlabs 
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was acquired. Once the autocollimator is mounted on the micro block as shown 

in Figure 4.5, is alignment movement can be accurately controlled in four axes. 

 

Figure 4.5       Autocollimator, LED Illuminator and Waveguide Manipulator 

 

4.2.3 Calibration of Microlens Array 
 

To calibrate both integral imaging systems it is necessary to start with the MLA, 

the objective lens is removed, and the autocollimator is carefully aligned with the 

MLA optical axis as shown in Figure 4.6. To avoid unwanted glare, it was 

necessary to keep dark conditions in the lab and complementarily a cloth was 

used to cover the exposed optical elements.  

 

Figure 4.6       Autocollimator and Camera Setup 
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Using the camera sensor and the live view function images in real-time were 

captured, simultaneously the MLA was adjusted in the Forward-back axis until a 

well-defined sharp cross pattern became apparent in the centric part of the 

overall image. At this point, the MLA is focusing the autocollimator parallel rays 

into the smallest possible point at the sensor and the collection of these points 

forms the cross pattern. Notice the MLA at this moment is located at one focal 

length in front of the camera sensor following plenoptic 1 specifications. 

During the process of MLA positioning, it was necessary to pay attention to the 

different cross patterns that emerged and how they are related to MLA’s focal 

point position in comparison to the camera sensor. Figure 4.7 illustrates these 

correlations: (a) shows four inverted cross patterns partially superimpose on 

each microimage as a result of focal point been in front of the sensor; (b) here 

the cross pattern is sharp due to focal point of MLA been at sensor die; (c) lastly 

these patterns show a blurry cross as collimated rays encountered the sensor 

before they can converge due to focal point being behind the sensor. 

                   

      (a)              (b)           (c) 

                   

Figure 4.7       MLA’s Focal Points and Their Correlated Cross Pattern 
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To ensure MLA coplanarity to the camera sensor, it is necessary to inspect the 

cross patterns at the corners of the overall image as there might be 

misalignments corresponding to other axes. These misalignments become 

apparent when comparing the centric cross patterns to corners cross patterns. 

After performing all the necessary adjustments, it is considered the MLA 

calibration procedure is complete when all cross patterns are sharp/uniform 

throughout the microlens array.  

 

4.2.4 Calibration of Objective Lens 
 

Considering the MLA has been properly calibrated, it is necessary to proceed to 

mount the objective lens to start its calibration process. In the MLA the focal 

point is fixed since it has an array of single Plano-convex microlens; however, the 

objective lens is a compendium of several optical elements that together can 

change the focal point within a specific range. In this case, the recommended 

procedure is to set the objective lens focus to infinity as this corresponds to the 

rated (known) focal length of the objective lens. 

With the objective lens in place, the autocollimator is carefully aligned with the 

lens, the light conditions and camera setup are customised to prevent artefacts 

such as glare to occur during the process.  Similar to MLA calibration the camera 

is used to retrieve real-time images, the objective lens is adjusted in Forward-

back axis; in this case, there is just one cross pattern which should be as centric 

as possible avoiding lens distortions that tend to occur at peripheral areas of the 

lens were rays sharply have to converge. 

Once a sharp cross pattern is shown in the camera real-time images, the 

objective lens is in the correct position at one focal length from the MLA’s axis of 

symmetric. Notice that each point of the cross pattern should be represented by 

a single microimage without generating any neighbouring microimages 

replication (parallax). 
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Similarly to MLA’s calibration, the objective lens also generated three distinctive 

cross patterns depending on the lens focal point position from the MLA. Figure 

4.8 visually explains these correspondences: (a) the cross pattern shows some 

parallax where the cross is replicated on adjacent microimages when the rays 

converge in front of MLA; on (b) the pattern is represented by individual 

microimages without generating parallax, the focal point is at MLA’s axis of 

symmetric; (c) the rays converged behind the MLA forming a cross pattern with 

parallax were the microimages appear inverted. 

                

        (a)           (b)         (c) 

       

Figure 4.8       Objective Lens Focal Points and Their Correlated Cross Pattern 

This calibration method uses optical precision equipment represented by the 

autocollimator, allowing the capture of accurate cross pattern overall images and 

microimages. Although this method is a considerable improvement over previous 

qualitative calibration method ultimately still relies on visual perception acumen 

to determine the correct position of optical elements. Other factors such as 

smaller microlens size, smaller sensor pixel size and utilization of subpixels could 

be explored in the future to increase the accuracy of this calibration method. 
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4.3 Canon 5D System Vignetting Correction 
 

Previously highlighted in section initial tests of Canon 5D system exhibit integral 

images with a severe vignetting, which is characterized for a reduction of image 

brightness at the periphery in comparison to the centre. The objective lens 

captures the real-world scene and projects into the MLA; this scene is then 

captured by an array of the tiny lens (microlens) each of them captures the scene 

at a different angle depending on their positions within the array. 

Subsequently, each microlens has a collection of light rays representing its 

particular view of the scene; at this point, these rays coming out from the most 

peripheral microlens must travel a long distance to reach the relay lens, is then 

when some of the marginal rays are not able to converge into the relay lens, 

hitting instead the internal walls of the relay tubular structure (mechanical 

vignetting). This phenomenon is visually represented by the dark areas within 

each of the microimages affected as previously shown in Figure 3.11. A simplified 

visualization see Figure 4.9 depicting marginal rays from MLA unable to converge 

into the relay lens, please consider the graphical representation is not to scale, 

neither the MLA or field lens are bi-convex, they are Plano-convex, nonetheless 

this does not alter the dynamics of ray tracing representation. 

 

 

Figure 4.9       Simplified Visualization of Vignetting Effect in Relay System 

Relay 
Lens 

lmage 

Marginal 
Rays 

MLA 



91 
 

A simple way to reduce the vignetting is to implement additional optical 

elements such as field lens (Adelson & Wang, 1992). The field lenses 

implemented are fabricated by Thorlabs they are made from N-BK7 glass, an 

anti-reflective coating (350-700nm range) and a diameter of 25.4mm. Several 

possible combinations of MLA and field lens compound system are available; 

however, three setups as shown in Figure 4.10, exhibit the best image results.  

                                                                         

Figure 4.10     Dual Field Lens and MLA Compound Lens System Configurations 

Initially, a single F=75mm field lens was installed in from of the MLA (in direct 

contact); however the convergence of field lens was not sufficient, the vignetting 

effect although reduced is still present as graphically represented in Figure 4.11 

(a), additionally, an actual image was captured by the camera as illustrated in (b).   

 

(a) 

Relay 
Lens 

Marginal 
Rays 

MLA 

Field Lens 

lmage 
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(b) 

Figure 4.11     Field Lens 75mm in Front of MLA, Vignetting Still Present 

 

Typically in optical systems, the Lensmaker’s equation is used to calculate the 

focal length of the thicker lens, however since field lenses are thin and they are 

positioned in direct contact leaving not considerable air gaps; the thin lens 

equation for compound lenses can be implemented to calculate the combined 

focal length of the system.  

Using the equation 4.1 (Hecht, 1987) for compound thin lenses, a combination of 

two field lenses each with F=100mm and each of them in direct planar surface 

contact (one in front, one at the back) were implemented to reduce further the 

combined focal length (CFL). The new CFL of the compound MLA system is now 

F=50mm. (CFL) is the combined focal length of the system, (f) is the total focal 

length, (f1) is lens external surface focal length of the lens and (f2) is the 

internal focal length of the lens.  

(4.1)         𝐶𝐹𝐿 =
1

𝑓
=

1

𝑓1
+

1

𝑓2
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A graphical representation in Figure 4.12 (a) depicts how marginal rays exiting 

the MLA are now able to further converge and reach the relay lens.  

 

(a) 

Figure 4.12 (b) is the real image captured by the camera, matching the lens 

aperture with the microlens square sides. Notice the vignetting has successfully 

been reduced and a slight occurrence of barrel distortion appeared. 

 

(b) 

Figure 4.12     Dual Field Lens 100mm, Vignetting Dramatically Reduced  

lmage 

Marginal 
Rays 

MLA Relay 
Lens 

Field Lens Field Lens 
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4.4 Canon 5D Microimages Fill Factor Optimization 
 

Up to this point, both integral imaging cameras can be accurately calibrated 

according to plenoptic 1 specifications and the Canon 5D system vignetting effect 

has been dramatically reduced to the expense of generating a slight barrel 

distortion. Although Canon 5D system has its shortcomings, it offers a valuable 

opportunity to improve further the quality of the integral images captured. 

In conventional photography as in integral imaging, the amount of data captured 

is essential to high-quality images, the cameras market is driven by camera 

sensor pixel count (resolution). As mentioned before there is an issue with the 

matching of objective lens circular aperture and the square shape of MLA 

microlens, as a consequence there are a considerable number of pixels that are 

lost as they do not represent any sensible data. 

The most common commercial objective lenses are manufactured to be 

integrated with conventional cameras, where the focal point of the lens is 

intended to reach the camera sensor directly without the use of relay lens; 

where the physical aperture (diaphragm) of the lens is generally the effective 

aperture of the camera system. This is the case for IMPERX 4K integral imaging 

system which is essentially a direct integration. 

However this is not the case for Canon 5D system, after extensively researching 

the capabilities of the system, experimenting with numerous setup 

configurations and conditions, it was empirically found that the effective 

aperture of the Canon 5D system does no longer lie in the location of the 

physical aperture neither within the body of the objective lens (Nikkor F=50mm 

F#1.2) but in front of it (virtual). 

The Canon 5D integral imaging system is extremely complex to model using ray 

tracing as it is composed of an enlarging relay lens  (6 optical elements in 4 

groups), two Plano-convex field lenses, one Plano-convex MLA (thousands of 
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microlens) and one objective lens (7 elements in 6 groups). Consequently, 

empirical research was the most effective approach to improve the fill factor of 

microimages. 

Various objective lenses were integrated and tested with Canon 5D system, 

including a zoom lens (28mm-200mm) at different focal lengths. Amongst all 

objective lens, just one has the exit pupil projected in front of the lens (virtual) as 

depicted in Figure 4.13. Is precisely this objective lens (Nikkor F=50mm F#1.2) 

the only one capable to implement effectively the square aperture. Giving all the 

possible setup combinations and the exponential parameters configurations it 

was concluded the exit pupil is the effective aperture of the Canon 5D + Nikkor 

lens system. 

            

Figure 4.13     Nikkor F=50mm F#1.2 Lens Exit Pupil (In front of Lens) 

 

4.4.1 Square Aperture Design 
 

The design of the square aperture was conducted from a functional perspective, 

first, a rudimentary square aperture was built, thereafter was precisely modified 

step by step, in a process of trial and error until favourable results started to 

emerge. Once the ideal measurements were found a robust square aperture was 

fabricated and securely mounted in front of the objective lens. 
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 (a) 

                                                                         

                          (b)                                                                        

 

 

      (c) 

Several square apertures were implemented to match various MLAs microlens 

pitch size. Notice a pincushion aperture was built as illustrated in Figure 4.14 (c) 

to compensate for barrel distortion within microimages. 

Figure 4.14     Final Prototypes of Custom Made Square Aperture 

Using a laser cutter, a robust 2mm plastic 

square aperture was custom made see 

Figure 4.14 (a). Electrical tape was used in 

the inner square area to reduce further 

vignetting; precise measurements were 

made to guarantee concentricity. 

The square aperture was fit into a 

lockable ring and then securely 

screwed into the objective lens front 

thread as shown in Figure 4.14 (b). 
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4.4.2 Square Aperture Tests and Results 
 

To accurately define the edges of microlens it was necessary to capture images 

with a white illuminated background, the Figure 4.15 shows the camera mounted 

on the optical table with additional lighting and a white card paper in front. 

 

Figure 4.15     White background Test Setup 

 

After an extensive process of gradually reducing the square aperture size to 

match the microlens aperture, it was resolved the ideal square aperture size was 

15.5mm (250µm) square side as illustrated in Figure 4.16 (Overall and 

Magnified). 

    

Figure 4.16     White background Image of Custom Made Square Aperture 

 

 

 

Centric Area 
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Due to the implementation of field lenses in the integral imaging system, barrel 

distortion is generated not just in the overall images but also on individual 

microimages as depicted in the magnification image of Figure 4.16. Although it is 

difficult to detect it as it is almost negligible, is recommended to increase the 

light throughput of the system by implementing a pincushion shape aperture. 

Figure 4.17 illustrates how the corners where the microlens joints are capturing 

more light rays (magnified) and as a whole, the captured image is brighter 

(overall). 

     

Figure 4.17     White background Image of Custom Made Pincushion Aperture 

 

The implementation of a square aperture in the Canon 5D system greatly 

improves the amount of coherent data captured by the sensor; increases the 

light throughput, making the camera more sensitive in darker conditions or 

faster in brighter conditions and increases the number of viewpoints (plenoptic 1 

processed images). 

Further improvement of the square aperture was not pursued as the IMPERX 4K 

direct integration system became the primary equipment to conduct the main 

research topics. Making the current basic square apertures adequate for 

alternatives tests with the Canon 5D system.  

 

 

 

 

 

Centric Area 
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4.5 Canon 5D Barrel Distortion Reduction 
 

The implementation of field lens to reduce the vignetting has a negative effect 

on the image quality, introducing a noticeable barrel distortion as illustrated in 

previous Figure 4.12. The barrel distortion occurs when the field of view of the 

lens (field lenses) is substantially wider than the size of the camera sensor (relay 

lens entrance pupil). 

In Figure 4.18 is a graphical representation of a normal image (Left), the right 

image shows straight lines curved inwards in particular at the periphery as a 

consequence of the field of view be squeeze into the sensor. This distortion is 

common in wide-angle lenses and zoom lenses. 

                 

Figure 4.18     Barrel Distortion Graphical Representation 

 

The Canon 5D integral imaging system has two types of barrel distortion; one 

occurs in the overall image, the second happens on individual microimages. The 

overall barrel distortion is rather noticeable, especially with the MLA inherent 

grid pattern. 

The overall distortion makes difficult the image processing of integral images, as 

the process relies on the identification of pixels (x and y coordinates) within each 

microimage. However, if the overall image is distorted especially at the edges the 
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software can not recognize precisely where certain microimage starts and ends. 

As for the individual barrel distortion does not affect the image in a significant 

manner as each microimage has approximately 80 x 80 pixels, with such sizes 

there is not enough resolution to make this distortion relatively noticeable. 

After extensive experimentation, it was found that there are correlations 

between field lens focal length and their position in regards to the MLA (front or 

back). Based on the Figure 4.10 (best field lens + MLA system setups) the 

following was determined: 1) if the field lens is placed in front of MLA it would 

cause the individual barrel distortion and severe spherical aberration; 2) when 

the field lens is placed at the back of MLA it would produce the overall barrel 

distortion; 3) the smaller the focal length of the field lens (either) the greater the 

barrel distortion effect and/or spherical aberration. 

The spherical aberration characterizes for the deviation of incoming rays from 

the expected defined focal point of the lens, consequently, not all rays meet at 

the same focal point, making some areas of the image in focus whereas others 

are out of focus (do not confuse with the depth of field). Generally speaking, the 

marginal rays tend to focus closer to the lens and the rays close to the optical 

axes focus further away from the lens. This is graphically represented in Figure 

4.19. 

 

          

                  Ideal Lens            Spherical Aberration 

Figure 4.19     Graphical Representation of Spherical Aberration 
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Often in optics, there is a constant trade-off between the desirable but usually 

incompatible factors. This constant search for balancing the ideal optical features 

of Canon 5D system persuaded to replace the current field lenses for alternative 

ones that minimize the noticeable barrel effect without causing spherical 

aberration. 

Initially, a field lens F=75mm in front of the MLA was integrated, then images 

were captured as shown in Figure 4.20, providing a benchmark that allowed 

empirical comparisons. Notice the barrel distortion is reduced (overall image) but 

a severe spherical aberration is produced (Left = UR Corner) (Right = Centre).  

 

                                

Figure 4.20     Spherical Aberration Produced by Field Lens F=75mm (In Front) 
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Several off the shelf field lens were purchased from Thorlabs, to increase the 

number of possible field lens + MLA system configurations. Within the limitations 

of the available optical elements and configurations, a suitable setup emerged as 

the suitable candidate to reduced barrel distortion considerably without 

producing noticeable spherical aberration.  

The configuration consisted of a front field lens of F=125mm and the back field 

lens of F=200mm, using the equation 4.1 the CFL=76.92mm. Figure 4.21 shows 

the overall image with reduced barrel distortion and negligible spherical 

aberration between centric image (Right) and the up right corner image (Left). 

      

                                  

Figure 4.21     Optimal Field Lens + MLA Configuration (Reduced Barrel Effect) 
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4.6 Quality Optimization and Depth Representation 
 

So far it has been explained how the quality of integral images is been improved 

from the perspective of the optimization of optical elements and their 

configurations. An alternative/complementary method to improve the image 

quality is to configure the camera settings depending on the scene to be 

captured (moving objects or static objects) and the lighting conditions (bright or 

dark). 

These configurations vary tremendously depending on the integral imaging 

system, MLA, objective lens, etc. However, to illustrate how important camera 

settings are on image quality optimization several examples using a 90µm MLA 

and Canon 5D system are shown below. The smaller the microlenses pitch size 

the more critical these factors become as microimages have lower resolution and 

suffer from diffraction. Below a reference integral image of the scene is shown in 

Figure 4.22 

 

Figure 4.22     Image Quality Optimization Based on Camera Settings 
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(a)                (b) 

              

     (c)                   (d) 

Figure 4.23     Quality Optimization of Images Depending on Camera Settings 

  

Giving the same scene and objects, four images were captured depending on 

light conditions and static/moving objects. As depicted in Figure 4.23 four 

segments of the overall image were extracted to be compared in terms of visual 

quality and camera settings. The settings of all four images are the following:                         

(a) Object = Static / white balance = 4000 / shutter speed = 1 second / ISO = 100;   

(b) Static / 3600 / 0.16 sec / 100;                   (c) Dynamic / 4000 / 0.02 sec / 5000;            

(d) Dynamic / 3600 / 0.02 sec / 800.  
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Notice white balance should be adjusted depending on ambient light conditions 

to realistically reproduce the scene colours; shutter speed must be considerably 

speeded up when objects are moving to avoid motion blur (several positions of 

an object are captured in one frame); finally, the ISO (sensitivity of camera 

sensor) must be increased to compensate for the reduction of light captured due 

to fast shutter speed, however high sensor sensitivity does increase image 

artefacts (noise) and reduces the quality of the image. Alternative camera 

settings were set as standard to represent integral images as natural as possible. 

For both systems, it was necessary to set up scenes with several objects at well-

defined distances, this facilitates the image processing of integral images 

(especially depth estimation) and the subsequent benchmark comparison. 

However, the physical space of the scene and the cameras restricted field of view 

angle prevents the implementation of numerous objects with their respective 

distances. Custom made markers were designed and built to overcome this 

limitation, combining elements of rendition chart/test chart/distance (cm), they 

were assembled on a 340cm rod and adjusted as fields of view required. 

                       

 

Figure 4.24     Rendition/Test Chart Custom Made Markets 
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Chapter 5 

5 Mechanically Variable Focal Length of 

Microlens Arrays 
 

5.1 Introduction 
 

The previous section explained the main procedures of the calibration processes, 

how to optically reduce common distortions, illustrated the implementation of a 

square aperture to increase the fill factor and improve image quality. This 

chapter will analyse in detail the proposed method of the mechanically variable 

focal length of microlens arrays.      

The process of capturing images whether they are still or video in conventional 

camera systems frequently requires the implementation of several objective 

lenses depending on the scene and the intended composition. Integral imaging 

systems are not an exception to these principles/practices; the main difference is 

that traditional cameras manufacturers have international standards that ensure 

high levels of compatibility between cameras models and general-purpose 

objective lenses. 

In conventional camera systems, the flange focal distance (from flange to sensor) 

generally range between 10mm to 100mm, giving them sufficient space to locate 

the focal point of the lens on the sensor die without being obstructed by sensor 

cover glass. However, on integral imaging systems, the MLAs have focal lengths 

(equivalent to flange focal distance) that usually range between 300µm to 

3.5mm, substantially increasing the possibilities of sensor cover glass obstructing 

the MLA correct positioning at one focal length to the sensor die. 

The modified Canon 5D relay integral imaging system allows the positioning of 

the MLA at a safe distance from the sensor, where the corresponding focal point 
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can be adjusted in space without encountering the sensor cover glass or any 

other obstacle. On the other hand, the modified IMPERX 4K integral imaging 

system implements the MLA right in front of the camera sensor cover glass, 

where the focal point of the MLA must be located accurately on the sensor die 

surface. 

Inconveniently not all cameras have the same sensor cover glass thickness; nor 

do all MLAs have the same focal length. Consequentially integral imaging 

systems without relay lens such as IMPERX 4K integral imaging system and the 

vast majority of analogue systems, at best can only use MLAs that have a focal 

length equal or greater to their correlative camera sensor cover glass thickness, 

according to plenoptic 1 configurations (Ng, 2005). 

This constitutes a critical constraint on direct integration systems, as custom 

made MLAs can cost tens of thousands of euros/pounds and they might be only 

compatible with one commercial camera system. Often integral imaging systems 

are designed and built (acquisition of MLA and camera) based on parameters and 

conditions that are known at that moment. However new required parameters 

and conditions emerged as a consequence of researching/testing the capabilities 

of the current integral systems; is then when it becomes imperative to modify 

the system to explore and maximize the image quality according to what is 

required. 

It could be considered that all is necessary is to obtain a camera and completely 

remove the cover glass leaving the sensor die exposed, with this approach any 

MLA can be positioned directly in front of the sensor without interference from 

cover glass parts. Theoretically, this seems to be the most functional solution, 

however, in practice this procedure is very difficult to undertake as sensor cover 

glass is cemented at the manufacturing stage process preventing alter 

modifications. 

Nonetheless, some companies have specialized equipment that can modify the 

camera sensor and partially or totally remove the cover glass depending on the 
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camera model. Only a few companies might offer these sensor alteration 

services at very expensive costs that approximately match those of custom-made 

MLAs. This course of action makes it difficult to overcome the limitations of the 

integral system, in particular, the incompatibility between MLA and camera 

sensor, due to sensor modification impossibility or prohibited costs. 

An alternative to the previous constraint is to purchase MLAs from various 

companies existing stocks, as reproductions of MLAs prototypes tend to cost 

considerably less. This strategy works well at initial stages of integral imaging 

system development, where just a few parameters and conditions are needed. 

As the progress of the system continues, new demands to modify parameters 

and conditions emerged, but these cannot be effectively implemented due to the 

difficulty/impossibility to find available from stock MLAs that fulfil the new 

requirements of the system.  

 

5.2 Proposed Technique Justification 
 

Based on the previous the most effective and pragmatic approach when working 

with integral imaging systems is to implement MLAs that are compatible with an 

existing camera system, as opposed to acquiring a new camera system to be 

compatible with existing MLAs from stock, which ultimately would not guarantee 

the fulfilment of the new requirements as the appropriated MLA might not be 

available from stock. 

During the development of this research, several cameras were implemented 

and numerous microlens arrays were integrated into the systems. A Better 

understanding of the capabilities of the integral imaging system brought new 

ideas to improve and exploit the desirable image composition and quality. When 

the existing camera systems started to be modified to develop new ideas, the 

incompatibility issues became obvious. 
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Where Canon 5D can implement an MLA Pitch=250µm/F=1mm/F#4 the IMPERX 

4K is unable to use it as intended as the cover glass is 1.4mm (focal point does 

not converge at sensor die but in front). Several other cases such as MLA 

125µm/F=1.25mm/F#10 could not be implemented either; these and other 

instances were indications that an alternative MLA system was necessary. 

In conventional camera systems, users might need a system that allows them, for 

instance, to capture wide-angle scenes using the 28mm objective lens (football 

match pitch) or perhaps capturing a close-up of a star player during a match 

using the 200mm objective lens. The need for multiple objective lenses with 

different focal lengths; the prohibited costs that derive from it and the implied 

disadvantage of carrying them all at any given time, compelled the lens 

manufacturers industry to develop what is known today as Zoom Lenses. These 

single body lenses are capable to mechanically adjust the focal length within a 

specific range, making them an ideal choice for demanding users that required 

capturing of images with various parameters and conditions. As mentioned 

before there are always trade-offs in optical systems, Zoom lenses tend to have 

more noticeable distortions than their equivalent focal length prime lenses.  

Partially inspired by the Zoom lens solution, a new approach to solve the 

incompatibility issues between alternative MLAs and existing cameras is 

explored. A novel mechanically variable focal length of microlens arrays system is 

proposed, design and implemented; overcoming not just the possible sensor 

cover glass MLA positioning restrictions but simultaneously improves the 

versatility and scalability of the integral imaging system. 

Starting with the previous explanation of the reasons that inspired the 

development of a novel MLA system, this chapter will also explore some of the 

advantages of these MLA systems, would mention the most relevant limitations 

of current analogue systems that advocate the mechanical system as the most 

sensible solution for integral imaging systems. 
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Thorough research first requires proof of concept to demonstrate the proposed 

idea is feasible before resources are committed. Two optical simulations were 

performed to observe their behaviours and compare them to what is expected. A 

software simulation using a simple lens to facilitate the analysis of the graphic 

representations was performed to complement the previous simulation. 

A mathematical model of the proposed system was carried out to determine if 

the theoretical findings are in line with previous simulations and fulfil the 

proposed system requirements. Camera modifications were necessary and 

custom made mounts were implemented as a consequence of new optical 

elements integration; based on the proposed system requirements new MLAs 

were researched and acquired; as expected new calibration procedure was 

needed to correctly position two different MLAs; an inherent system 

misalignment between MLAs was reduced. 

Finally, once the camera system was completely built, images from real scenes 

were captured to demonstrate both the accuracy of the mathematical model and 

the achievability of building a fully functional dual MLA integral imaging system 

that performs in accordance to all previous simulations. 

Additionally, it would be explained how the dual MLA system has inherent 

unique benefits over existing single MLA integral imaging systems, in particular, 

the potential reduction of chromatic distortion of microimages. 

All the information described from the beginning of this chapter aimed to 

illustrate how previous limitations of integral imaging systems precipitated a 

quest for a novel and sensible alternative that minimize these constraints and 

operates in line with what is intended for portable integral imaging systems. The 

following is a summary of the advantages of a variable focal length microlens 

arrays system: 

• Most cameras digital sensors have several filters which are used to 

improve overall image quality; these filters increase the thickness 



111 
 

between the sensor die surface and the most external filter glass. Is this 

camera sensor thickness that precludes the use of any microlens array 

with a focal length inferior to the thickness of cover glass since the MLA 

focal point cannot be placed on the sensor die but in front, resulting in 

unfocused and blur images. 

 

• Although some microlens arrays have the required focal length and can 

focus on several cameras respective sensor dies, they might not be able 

to focus on other cameras which sensors have a greater cover glass 

thickness.  

 

• Single focal point microlens array systems lack scalability and often they 

must be custom made to adjust to limited or specific camera system 

parameters. 

• Microlens parameters (e.g. focal length, aperture) experimentation is 

limited and dependant on the number of different MLAs available for 

research since parameters of individual MLAs cannot be modified is 

necessary to utilize/acquired a different MLA to fulfil the experimentation 

requirements in every occasion this is necessary.  

 

• The process of exchanging MLAs within the integral imaging system to 

fulfil certain requirements introduces further technical difficulties, as 

every time an MLA is integrated into the system requires the 

corresponding calibration procedure to ensure image quality and 

repeatability (consistency throughout a series of the test).       

 

• One mechanical variable focal length microlens arrays system could 

potentially be equivalent to several fixed focal length microlens arrays. 

Reducing the overall costs derive from acquiring several MLAs to work 

with relatively adjacent focal length range, integration and calibration 

corresponding setup procedures and durations will be reduced and 

simplified. 
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• In a mechanical variable focal length microlens array system, the total 

light throughput can be adjusted through the modification of the focal 

length and subsequently the microlens aperture, making the integral 

imaging system more flexible (faster/slower) to scene darker or brighter 

light conditions. 

 

• Potentially this unique mechanical dual MLA system if appropriately 

configure can reduce chromatic distortions generated on individual 

microimages. 

 

5.3 Existing Variable Focal Length Microlens  
 

The introduction of this chapter explained why it is necessary to implement a 

system of microlens arrays that can modify in real time their focal length. After 

this requirement has been established the following action was to research for 

existing technologies that could be implemented without diminishing the main 

functionality of IMPERX 4K integral imaging system. 

After extensive research, it became clear that not available variable focal length 

of the microlens system was suitable to be implemented into the IMPERX 4K 

integral imaging system. A wide variety of variable focal length microlens has 

been described, however, their mechanical and physical properties, have 

disadvantages and limitations that are incompatible with the principles of the 

integral imaging camera system. 

To simplify the analysis of the main available variable focal length of microlens 

systems, they were classified into two main groups according to their similarities 

and main characteristics. A brief explanation of how they work would be given, 

including their main disadvantages/limitations in relation to their functionality if 

they were implemented into the IMPERX 4K integral imaging system. 
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The most numerous available variable focal length microlens methods are made 

of polydimethylsiloxane (PDMS) is also commonly referred to as silicones. This 

type of system usually works by filling elastomeric membranes with liquid PDMS 

(Chen, 2004) to form a lens; alternative methods consist of modifying the surface 

tension of elements in a liquid state using voltage (Berge, 1999). There are 

numerous similar implementation methods; however, they generally have the 

following disadvantages:  

• Issues with reliability, consistency and repeatability, since the main lens 

material (PDMS mechanical properties), behaves differently under 

variations of temperature, atmospheric pressure and other ambient 

conditions. Whether is in a solid-state condition (rubber-like) or as a 

viscous liquid. 

• Electrowetting requires a high voltage to operate, which makes it difficult 

to implement as a portable integral imaging camera system. 

• Electrowetting is susceptible to optical distortions due to the use of 

electrodes which are submerged in an electrolyte solution. 

• These variable focal length methods often require complex fabrication, 

assembly and operation procedures. 

• Some of these methods cannot be modified in real-time as their 

microlens materials require longer periods of time to be readjusted 

(recovering). 

The other relevant methods of the variable focal length of microlens use liquid 

crystals, by applying control voltage microcrystals molecules that can be 

manipulated to change rotation differently from the centre to the periphery 

forming an element that behaves as a lens (Sato, 1999). These methods generally 

have the following disadvantages: 

• Liquid crystal microlens depends on the polarization of light, reducing the 

total light throughput of the system. They are also limited to fabrication 

of small pitch microlens. 
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• As previous (PDMS) method they susceptible to optical distortions due to 

the use of electrodes which are submerged in an electrolyte solution. 

• As previous (PDMS) method they often require complex fabrication, 

assembly and operation procedures. 

• Requires voltage to operate. 

Both general methods main disadvantages (as they are) impede the effective 

functional implementation of these systems into the IMPERX 4K integral imaging 

system. However, there are two additional critical disadvantages of these 

methods of variable focal length microlens, which categorically make inadequate 

their integration with IMPERX 4K system: 

• Both methods have microlens positioned far apart or separated from 

each other, as a consequence of the required space (surrounding each 

microlens) necessary to install the mechanisms to control the microlens. 

Hence a great area of the microlens array is not utilised to capture 

microimages, limiting severely the total resolution of integral images.  

• Numerous methods predominantly rely on deforming the microlens to 

generate different focal lengths. This action greatly changes the pith of 

the microlens, subsequently decreasing the number of effective 

microimages captured and increases the difficulty to process integral 

images as it is challenging to predict pixels positions. 

Taking into consideration the previous methods limitations and disadvantages 

the propose Mechanically Variable Focal Length of Microlens Arrays aims to 

focus on the following advantages: 

• Have high tolerance to changes in temperature and pressure during 

operation, increasing the reliability and performance consistency. 

• Can be operated manually or by using servomotors (very low power), 

making the camera system device portable. 

• Do not require complex fabrication, assembly or operation. 
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• Several combinations of mechanical microlens arrays can be 

implemented to extend or reduce the range and/or the focal length of 

the system. 

• The focal length can be adjusted in real-time and does not require any 

time (downtime) to be able to readjust.  

• The pitch of microlens does not change drastically during operation, 

making possible the preservation of viewpoints resolution and more 

predictable camera parameters necessary for the image processing. 

• Is not dependant on the polarization of light. 

 

5.4 Proof of Concept by Optical Simulation 
 

The novel proposal of the mechanically variable focal length of microlens arrays 

system consists of two different MLAs integrated together and working as a 

single MLA system, one must be Plano-convex the other must be Plano-concave. 

As a system they can change the focal length of the MLAs system within a 

specific range, this range would be determined by the optical parameters of each 

MLA and the resulting combination of both. 

Before embarking on the research and acquisition of the most suitable MLAs, it 

was necessary to demonstrate the proposed concept using single Plano-convex 

and Plano-concave lenses, as they are easily obtainable, affordable and can be 

implemented more easily. The following subchapters will describe two different 

approaches performed to validate the concept. 

 

5.4.1 Dual Plano-Convex and Plano-Concave Lens Rail System 
 

To optimize research time and budget it was decided to implement optical 

elements and equipment already available. Additional components were 
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designed and built to complete the proof of concept prototype. The main 

components were mounted in the Zacuto mount rail system as shown in Figure 

5.1. 

 

Figure 5.1       Proof of Concept Implementing Dual Lens Rail System Prototype. 

A custom made component was designed and built to function as a pseudo-

collimate light source, consisting of a spinning disk with several different 

apertures, attached to high intensity LED light and mounted over an optical pole 

with variable positioning (Z and Y coordinates) as illustrated in Figure 5.2. 

 

Figure 5.2       Custom Made Pseudo-collimate Light Source for Dual Lens. 
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A Plano-convex lens was mounted on a rotary cage with variable positioning (Z 

and Y coordinates), then was located in front of a custom made gridded panel 

which is mounted and control by a linear stage with variable positioning (Z and Y 

coordinates). The light source is directly pointed at the Plano-convex lens where 

is relay/projected into the grid. 

The Plano-convex lens was constantly adjusted within the Y coordinate until the 

smallest possible circle of confusion was projected in the grid (the lens is in 

focus). Notice the Plano-convex lens was mounted in a smaller rail with a 

millimetric scale, which specifies the exact position of the lens. Figure 5.3 shows 

the setup with the Plano-convex lens in focus at 5cm in front of a gridded panel. 

 

Figure 5.3       Plano-convex Lens Smallest Circle of Confusion (In Focus). 

The Plano-convex lens was then moved away from the gridded panel to a 

distance of 7.8cm, notice the previous define circle of confusion was then spread 

over a circular area of 4 grit units of diameter (the lens is out of focus). The lens 

distance was increased to simulate cover glass obstruction of MLA as shown in 

Figure 5.4. 

 

Circle of Confusion 
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Figure 5.4       Plano-convex Lens Expanded Circle of Confusion (Out of Focus). 

 

Without changing previous out of focus setup (Plano-convex lens at 7.8cm 

distance) a new optical element was added in the form of a Plano-concave lens 

similarly mounted and with the same variable positioning as Plano-convex lens. 

The location of the Plano-convex lens within the Y coordinate was repeatedly 

adjusted until the smallest circle of confusion was projected into the gridded 

panel as seen in Figure 5.5. 

As a result, the dual-lens combination was able to bring back the system into 

focus, even if an additional 2.8cm were added to simulate the cover glass 

thickness between the gridded panel (camera sensor) and the Plano-convex lens 

(MLA). This prototype tests validated from the optical perspective the proposed 

mechanically variable focal length of microlens arrays system. 

 

 

  

Circle of Confusion 
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Figure 5.5       Plano-convex and Plano-concave Lens System (In Focus). 

 

5.4.2 Single Plano-Concave Lens and MLA 
 

Alternatively, a hybrid optical dual-lens system was implemented, this 

experimentation could be considered an intermediate step between previous 

optical simulation and the final Dual MLA system implementation. In this 

occasion, the IMPERX 4K camera was used to capture real images from MLA. A 

hexagonal MLA Pitch=850 µm/F=1mm/F#1.2 was implemented, notice the MLA 

focal length (1mm) is smaller than the camera cover glass thickness (1.4mm) 

making initially impossible to obtain in focus microimages. Subsequently, a 

Plano-concave lens of 50mm diameter and F=150mm was introduced to extend 

 

 

 

 

 

Circle of Confusion 
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the focal length of MLA to reduce the circle of confusion to the smallest possible 

to generated sharp in focus microimages as shown in Figure 5.6. 

 

    

 

 

 

Figure 5.6       MLA and 50mm Diameter Plano-concave Lens System (In Focus). 

 

5.5 Mathematical Model of Dual MLA System 
 

Once the optical experiments proved the mechanically variable focal length of 

microlens arrays system can be accomplished, the next step was to develop a 

mathematical model that predicts, explains and simulates the behaviour of the 

main parameters of the Dual MLA system. By assuming all individual microlens 

within each array have the same optical properties the Dual MLA system could 

be modelled by just working with a couple of corresponding individual Plano-

convex and Plano-concave microlens one from each array. Hence the optical 
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behaviour of the individual corresponding microlens is equivalent to the overall 

behaviour of the same corresponding MLA. 

An optical system that is composed of a couple or more simple thin lenses with 

different shapes, the lenses are made of materials with different refractive 

indices and arranged along a common axis, is referred as a compound lens. 

Considering that each microlens within each Plano-convex and Plano-concave 

array is a thin lens is necessary to use the thin lenses equations when referred to 

them individually. However, since the Dual MLA system consists of two different 

corresponding microlenses separated by a non-negligible distance, it was 

necessary to implement the thick lenses equations. 

The Lensmaker’s equation (Hecht, 1987) see Equation 5.1 was implemented to 

derive the main necessary equations that are following in this subchapter. 

                  (5.1)      
1

𝑓
= (𝑛 − 1) [

1

𝑅1
−

1

𝑅2
+

(𝑛−1)𝑑

𝑛𝑅1 𝑅2
] 

Where 𝒇 is the focal length of the lens; 𝒏 is the refractive index of the lens 

material; 𝑹𝟏/ 𝑹𝟐 are the radius of curvature of each lens surface and 𝒅 is the 

thickness of the lens or the distance between opposite lens surfaces. 

The combined focal length (cfl) of a Dual MLA system consisting of a Plano-

concave MLA with a focal length  𝒇𝟏 , a Plano-convex MLA with a focal length  

𝒇𝟐 and both MLAs separated by distance d is given by Equation 5.2. 

(5.2)          𝑐𝑓𝑙 =
1

𝑓
=

1

𝑓1
+

1

𝑓2
−

𝑑

𝑓1𝑓2
 

The front focal length (ffl) of the Dual MLA system is the distance from the front 

focal point on the combined individual microlens system to the Plano-convex 

microlens axis of symmetry and is given by Equation 5.3. Where a Dual MLA 
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system consists of a Plano-concave MLA with a focal length  𝒇𝟏 , a Plano-convex 

MLA with a focal length  𝒇𝟐 and both MLAs separated by distance d. 

(5.3)              𝑓𝑓𝑙 =
𝑓1(𝑓2−𝑑)

(𝑓1+𝑓2)−𝑑
 

The back focal length (bfl) of the Dual MLA system is the distance from the rear 

focal point on the combined individual microlens to the Plano-concave microlens 

axis of symmetry and is given by Equation 5.4. Where a Dual MLA system 

consists of a Plano-concave MLA with a focal length  𝒇𝟏 , a Plano-convex MLA 

with a focal length  𝒇𝟐 and both MLAs separated by distance d. 

(5.4)                      𝑏𝑓𝑙 =
𝑓2(𝑑−𝑓1)

𝑑−(𝑓1+𝑓2)
 

From the equation of the back focal length, the distance (d) that separates both 

microlens arrays can be derived and is given by Equation 5.5. Where a Dual MLA 

system consists of a Plano-concave MLA with a focal length  𝒇𝟏 , a Plano-convex 

MLA with a focal length  𝒇𝟐 , the bfl is the back focal length and both MLAs 

separated by distance d. 

(5.5)             𝑑 =
𝑏𝑓𝑙𝑓1+𝑏𝑓𝑙𝑓2−𝑓2𝑓1

𝑏𝑓𝑙−𝑓2
 

The aperture (f-number) N of the combined individual microlens is calculated in 

terms of combined focal length (cfl) and diameter (D) (pitch size) of the 

individual microlens and is given by Equation 5.6. 

(5.6)                          𝑁 =  
𝑐𝑓𝑙

𝐷
 

The distance between the Plano-concave individual microlens axis of symmetry 

and the camera sensor die surface determines the position 𝒑𝟏of Plano-concave 
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microlens individual/array and is given by Equation 5.7. Where (bfl) is the 

combined focal length of the system. 

(5.7)                             𝑝1 = 𝑏𝑓𝑙          

The distance between the Plano-convex individual microlens axis of symmetry 

(d) and the camera sensor die surface determines the position 𝒑𝟐 of Plano-

convex microlens individual/array and is given by Equation 5.8. Where (bfl) is 

the combined focal length of the system 

(5.8)                         𝑝2 = 𝑏𝑓𝑙+𝑑              

The range of the combined focal length of the Dual MLA system is determined by 

both extreme positions (closest/furthest to the sensor) of Plano-concave MLA; 

both positions can be achieved assuming there isn’t any obstacle that prevents 

direct contact of between both MLAs. The minimum back focal length (mbfl) is 

expressed in terms of thickness of camera cover glass (cg) and the distance of 

Plano-concave individual microlens axis of symmetry to its curved surface (𝒎𝟏c) 

and is given by Equation 5.9. 

(5.9)              𝑚𝑏𝑓𝑙 = 𝑐𝑔 + 𝑚1𝑐  

To determine the maximum back focal length of the Dual MLA system (mxbfl) 

first was necessary to calculate the minimum distance (dm) when both 

microlens arrays are in direct contact, which is expressed in terms of distance of 

Plano-concave microlens axis of symmetry to its flat surface (𝒎𝟏f) and the 

distance of Plano-convex microlens axis of symmetry to its flat surface (𝒎𝟐f) 

and is given by Equation 5.10. 

(5.10)               𝑑𝑚 = 𝑚1𝑓 + 𝑚2𝑓 
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The maximum back focal length of the Dual MLA system (mxbfl) is determined 

by replacing the variable distance (d) on the back focal length of Dual MLA 

system equation for the variable (dm) and is given by Equation 5.11. Where a 

Dual MLA system consists of a Plano-concave MLA with a focal length  𝒇𝟏 , a 

Plano-convex MLA with a focal length𝒇𝟐. 

(5.11)           𝑚𝑥𝑏𝑓𝑙 =
𝑓2(𝑑𝑚−𝑓1)

𝑑𝑚−(𝑓1+𝑓2)
 

The previous formulas are the main equations to mathematically model the 

mechanically variable focal length of microlens arrays system main parameters. 

This model makes possible the calculation of the desirable MLAs parameters 

according to the corresponding integral imaging camera system requirements 

and subsequently determines the best microlens arrays to implement. 

5.6 Software Simulation 
 

Finally, a website based free optical simulation software for standard optical 

elements called OpticsApplet v4.1 (Lee, 2000) was employed to simulate the 

approximate behaviour and dynamics of the mechanically variable focal length of 

microlens arrays system. The visual representations correspond to individual 

microlens from Plano-convex and Plano-concave MLAs, as previously mentioned 

before the software simulation used bi-convex and Bi–concave single lens 

instead of the Plano-convex and Plano-concave, nonetheless, the behaviour of 

the optics is very similar. 

Based on the simulation procedures of subchapter 5.2.1, several distinctive 

optics configurations are recreated and simulated in the optics software. To 

facilitate the understanding of the graphical representations both optical 

elements have similar focal lengths, the source light of the simulations is 

collimated to represent the focal point of the Dual MLA system, and all main 

simulated components are labelled accordingly. 
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Initially, a single bi-convex microlens of F=3.25mm which is perfectly converging 

collimated light into a fully accessible camera sensor die (without cover glass or 

filters) is simulated. Figure 5.7 represents a reference of the ideal camera sensor 

die and MLA configuration to generate in focus high-quality microimages. 

 

Figure 5.7       Software Simulation of Single Bi-convex Microlens (Ideal) 

 

The following diagram represents the previous configuration with the additional 

implementation of camera sensor cover glass, increasing the distance between 

the Bi-convex microlens and camera sensor die. As a consequence, the focal 

point is no longer located at sensor die but instead in front of it as shown in 

Figure 5.8, hence producing distorted low-quality microimages. 

 

Figure 5.8       Software Simulation of Bi-convex Microlens and Cover Glass 
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By adding a Bi-concave microlens of F= 4.25mm to the previous optical system 

simulation, the combined focal length of the individual microlens Dual MLA 

system was increased as illustrated in Figure 5.9. Permitting the focal point to be 

precisely located at sensor die surface and generating in the process in focus 

high-quality microimages.  

 

Figure 5.9       Software Simulation of Bi-convex and Bi-concave Microlens 

 

The following representation Figure 5.10 shows how the Dual MLA system not 

only can be implemented to overcome the camera sensor cover glass thickness 

issue but also illustrates how flexible the control range of the combined focal 

length of the Dual MLA system is. 

 

Figure 5.10     Software Simulation, Bi-convex/Bi-concave Microlens (Extended) 
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To thoroughly explore software simulation configurations of the Dual MLA 

system optics, a simulation representing the Bi-convex microlens in front of the 

sensor followed by Bi-concave microlens is depicted in Figure 5.11. Notice that 

by inverting the order of the microlens the focal point can still be accurately 

located at sensor die surface; however there is a substantial loss of data as the 

resulting microimages captured by camera sensor will be a cropped version of 

the originals, due to marginal rays exiting the Bi-concave microlens not been able 

to reach the Bi-convex microlens. 

Furthermore, the light rays that are not able to reach the corresponding 

microlens will do on neighbouring microlens, producing overlapping light rays 

that would degrade considerably the quality of microimages. 

 

Figure 5.11     Software Simulation, Bi-convex/Bi-concave Inverted Alignment 

 

The software simulation proved to be a valuable tool, as intrinsically facilitated 

the exploration of numerous Dual MLA system microlens parameters 

configurations, permitting the process to visualise and comprehend the optics 

behaviour in real-time. Notice the Dual MLA system not only can change the 

combined focal length within a specific range, additionally can potentially change 

the aperture of the microlens, the relative depth of field of microimages, 

perspective of microimages, light throughput, etc. 
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5.7 Implementation of Dedicated Microlens Arrays 
 

Determining the best suitable MLAs to implement with the mechanically variable 

focal length of MLAs system was complex as they were many considerations to 

take into account some of these were: the numerous optical parameters to 

contemplate and counterbalance; the precision of the equipment available to 

successfully implement the MLAs into the camera system; the feasible camera 

modifications to integrate the MLAs; the materials the suitable MLAs are made 

off; the possibility that ideal MLAs can be manufactured and the affordability of 

costs derive from acquiring the suitable MLAs. 

The research process to acquire suitable MLAs started as a complex search since 

there were numerous factors to consider, however during and after the research 

period it became rather simple. The costs of custom-made MLAs was extremely 

prohibited (approximately 30.000 Euros per MLA) and from all the researched 

manufacturing companies just one had Plano-concave microlens arrays from 

stock. The previous circumstances drastically narrow down the possible MLAs 

available to implement the system to only one manufacturer. 

The MLAs were fabricated by Advance Microoptic Systems GMBH (Amus, 2013) 

manufacturer; this company has an extensive list of available Plano-convex 

orthogonal MLAs and fourteen available Plano-concave orthogonal MLAs. Hence 

the most effective approach to determine the best MLAs for the system was to 

start first deciding which Plano-concave MLA is best and afterwards find the best 

corresponding Plano-convex MLA. 

From the list of available Plano-concave MLAs, there were a few important 

aspects to take into consideration such: the size of the array must be equal or 

greater than camera sensor size, the individual microlens must be square, the 

material of each MLA must be different and the equivalent focal length must be 

within 2.5mm to 6mm (taking into account software simulations). 
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From the fourteen available Plano-concave MLAs only one has the required array 

dimensions and a focal length within the suitable range, the rest were not even 

near the focal length range. Hence the ideal candidate to be implemented was 

the Plano-concave ANO-Q-P1000-R1.95 MLA; a graphic representation segment 

is shown in Figure 5.12. The main parameters of this MLA were calculated using 

previous equations (Subchapter 5.3) and listed in Table 5.1. 

 

Figure 5.12     Plano-Concave MLA Small Segment Representation (Amus, 2013)  

 

Microlens Part Number     ANO-Q-P1000-R1.95 

Microlens Array Type     Plano-Concave 

Microlens Array Size     36mm x 24mm x 1mm 

Microlens Array Material   Fused Silica 

Refractive Index (589.29nm)    1.4584 

Microlens Radius Curvature (mm) 1.95 

Microlens Pitch Size (µm)   1000 

Aperture (f-number)     4.3 

Focal Length (mm)     4.25 

 

Table 5.1      Plano-Concave MLA Main Parameters 
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At this point choosing the system’s complementary Plano-convex MLA became a 

straightforward process. Since the size of the array must be the same as Plano-

concave MLA; the pitch size of microlens must be equal, the material must be 

different, and the focal length must be within range. Additionally, software 

simulations were performed using the known Plano-concave MLA parameters 

and a theoretical Plano-convex approximate (to determine the best candidate).  

Ultimately the APO-GT-P1000-R2.75 Plano-convex MLA was acquired to be part 

of the Dual MLA system, a graphical example is shown in Figure 5.13, similarly to 

the previous MLA, parameters were calculated and listed in Table 5.2. Each of 

the MLAs cost 2.200 Euros. 

 

Figure 5.13     Plano-Convex MLA Small Segment Representation (Amus, 2013)    

 

Microlens Part Number     APO-GT-P1000-R2.75 

Microlens Array Type     Plano-Convex 

Microlens Array Size     36mm x 24mm x 1.5mm 

Microlens Array Material   Glass S-TiH53 

Refractive Index (589.29nm)    1.8463 

Microlens Radius Curvature (mm) 2.75 

Microlens Pitch Size (µm)   1000 

Aperture (f-number)     3.2 

Focal Length (mm)     3.25 

 

Table 5.2      Plano-Convex MLA Main Parameters 
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5.8 Camera System Modifications 
 

The mechanically variable focal length of microlens arrays system is proposed 

precisely to overcome the limitation/issues manifested in the direct integration 

of integral imaging systems such as the custom made IMPERX 4K camera system. 

Hence this was the camera system needed to implement the proposed Dual MLA 

system. 

The first element to be implemented is the Plano-concave MLA, inconveniently it 

has a rectangular shape and an overall size that is not compatible with existing 

lab equipment, therefore was necessary to design and build a custom made 

frame that can securely contain the MLA. Notice the frame must be very thin to 

prevent the frame to become an obstruction between the camera sensor glass 

and the Plano-convex MLA frame.  

The frame was then attached to available optical Thorlabs equipment (retaining 

ring) as depicted in Figure 5.14; this set-up allows the change of MLA position 

within the roll axis.  

    

Figure 5.14     Plano-Concave MLA Custom Made Frame  

 

Similarly to Plano-concave MLA, the Plano-convex MLA did also require a 

custom-made frame to securely contain the MLA. However, is this occasion the 

frame thickness is not critical as only one side is orientated towards the Plano-
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concave MLA and camera sensor, the other side is facing the objective lens. The 

frame was attached to a Thorlabs threaded tube as shown in Figure 5.15, which 

subsequently was screwed into a cage plate. Notice this setup is also able to 

change the position of MLA within the roll axis. 

   

Figure 5.15     Plano-Convex MLA Custom Made Frame 

Similarly to Plano-concave MLA frame, it was necessary to implement a cage 

plate that does not come in contact with other parts of the system. Since there 

were not available cage plates with the required thinness a custom-made cage 

plate was built to mount the Plano-concave MLA frame as shown in Figure 5.16. 

Notice this setup can change position within Up-Down and Right-Left axes. 

 

Figure 5.16     Plano-Concave Custom Made Cage Plate 
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The Plano-concave MLA was accurately positioned flush with the custom made 

frame to guarantee coplanarity with the camera sensor cover glass, whereas the 

Plano-convex MLA was positioned protruding to increase the possible proximity 

to the Plano-concave MLA as shown in previous Figures. 

To facilitate the integration of both Plano-concave and Plano-convex MLAs into 

the IMPERX 4K system, the camera/linear stages system (Chapter 3) was 

removed from camera enclosure and mounted on a Zacuto rail system. The 

custom made cage plate containing the Plano-concave MLA was mounted on an 

optical pole; the Plano-convex MLA and objective lens were attached to cage 

plates that rested over two linear stages that could move the structure within 

Forward-Back and Right-Left axes, subsequently these stages were mounted on 

an optical pole to add an additional Up-Down axis.  

To ensure the weight of the objective lens does no produce misalignments 

especially on the principal axis between the Plano-convex MLA, Plano-concave 

MLA and camera sensor an additional optical pole was added to support the 

weight of the objective lens. All previous adaptations to the IMPERX 4K integral 

imaging system can be appreciated in Figure 5.17. 

  

Figure 5.17     Integrated Dual MLA System Camera Setup 
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5.9 Calibration Procedures for Dual MLA System 
 

The accurate alignment of both MLAs is critical and perhaps one of the most 

challenging aspects of the mechanically variable focal length of microlens arrays 

system, the increased difficulty lies in two main aspects. 

First, due to financial limitations within the research budget, several components 

of the Dual MLA system have to be custom made manually; as such they are not 

as accurate as cutting edge precision optical equipment that has been 

manufactured using the highest quality standards. 

Secondly, a new optical element (Plano-concave MLA) has been added to the 

conventional integral imaging system increasing the level of complexity of the 

calibration procedure not only because it was necessary to assure the coplanarity 

of two MLAs in respect of the camera sensor, but additionally both MLAs must 

be accurately aligned within the X and Y coordinates in respect of each other.  

The calibration of the Dual MLA system follows the procedures described in the 

previous subchapter, with the addition of two new processes: 1) the Plano-

concave MLA accurate positioning is the first step; 2) once both MLAs are 

integrated into the system, they act as if they were a single MLA, as such both 

are simultaneously adjusted until a sharp cross pattern is captured in the camera 

sensor. 

Ensuring the coplanarity and the correct X and Y coordinates of the Plano-

concave MLA with the camera sensor, using the autocollimator, could seem as 

improbable. Since the collimated rays from the autocollimator cannot be 

converged by the Plano-concave MLA, hence not sensible images can be 

captured by the camera sensor, neither reference elements are generated. 

After initial experimentation with Plano-concave MLA and the autocollimator, it 

was noticed that the corners that joint every four individual microlens, diverged 

the collimated rays in four opposite directions (within X and Y coordinates), 
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hence producing inverted square shapes elements that are detected by the 

camera sensor and can be used as a reference to calibrate the Plano-concave 

MLA. 

Considering the dynamics of the calibration procedure using an autocollimator 

was extensible covered in the previous subchapter.  The following images and 

their respective descriptions depict the additional characteristic optical 

behaviours intrinsic to the mechanically variable focal length of the MLA system. 

                            

                            

                            

Figure 5.18     Shorter Focal Length of Dual MLA System 

(a) 

(b) 

(c) 
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The Figure 5.18 above illustrates three different patterns produced by the 

collimated rays passing through optical elements when the Dual MLA system is 

configured in shorter combined focal length: (a) shows Plano-concave MLA 

square shape patterns with little divergence; (b) the Plano-convex MLA is added 

to the system and both are in the correct position (Plenoptic 1) projecting 

combined focal point at sensor die; (c) the objective lens is added to the system 

and its focal point is at Dual’s MLA system axis of symmetric. 

                             

                             

                            

Figure 5.19     Longer Focal Length of Dual MLA System 

 

(a) 

(b) 

(c) 
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The Figure 5.19 above shows when the Dual MLA system is configured in longer 

combined focal length: (a) Plano-concave MLA square shape patterns with 

greater divergence; (b) both MLAs are in the correct position (Plenoptic 1);        

(c) the objective lens focal point is located at Dual’s MLA system axis of 

symmetric. 

 

5.10 Distortion Reduction 
 

Similarly to Canon 5D integral imaging system, the mechanically variable focal 

length of microlens arrays system also produced a vignetting effect as shown in 

Figure 5.20, this corresponds to the elongation of the system by implementing 

the two different MLAs. Notice the Plano-concave MLA is well represented on 

the integral images; however, the Plano-convex MLA does not relay light rays 

(from the objective lens) accurately into the Plano-concave MLA. 

 

Figure 5.20     Dual MLAs System Vignetting Effect 
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Based on the knowledge gain in subchapter 4.2, a similar solution was adapted to 

this camera system, to substantially reduce the vignetting effect. Figure 5.21 

shows in top an initial implementation of a 50mm diameter field lens of 

F=150mm, notice the vignetting is reduced but reasonably still present. After the 

custom-made modifications in the optical equipment, a better implementation 

was achieved, resulting in further reduction of vignetting effect as shown in the 

bottom image.   

 

 

Figure 5.21     Dual MLAs System Vignetting Effect Drastically Reduced 
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5.11 Experimental Evaluation of Dual MLA System 
 

In summary, the mechanically variable focal length of microlens arrays proposed 

system so far has been able to perform the following processes: optical 

simulations, software simulation, mathematical model, compatible microlens 

arrays research and acquisition, suitable modifications to IMPERX 4K integral 

imaging camera system, reduction of distortion and optical calibration. 

The experimental evaluation intended to be straightforward. The most important 

aspect to prove was that sensible images can be generated from the Dual MLA 

prototype at short and long combined focal lengths. Furthermore, to be able to 

appropriately judge the quality of the Dual MLA system additional images were 

captured using a single Plano-convex MLA (from the Dual MLA system). 

From each of the three different integral images setups two images sets were 

captured, one represents the completed scene the other highlights individual 

microimages behaviour. To ensure consistency throughout the experimental 

evaluation all camera and scene setups were configured equally, the main 

corresponding parameters for short and long focal length setups of the Dual MLA 

system are described in their respective tables. 

Is very important to remember in plenoptic 1 configuration each microimage 

represents 1 pixel of the overall image (after processing) and the pixels inside 

each microimage represent the different viewpoints of the overall image (after 

processing). 

As a result, the integral images captured have very high angular resolution and 

very low spatial resolution, since microlens arrays only used 36 x 24 microlenses 

to represent the complete scene, the resulting spatial resolution is 36 by 24 

pixels. As explained in subchapter 5.5 these were the only suitable/available 

MLAs to be implemented into the mechanically variable focal length of MLAs 

system. 
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The Figure 5.22 illustrates two images only implementing single Plano-convex 

MLA; the top image is capturing the complete scene to provide an overall image 

reference; the bottom image is a magnified segment of an image containing 

Spiro figurine at 20cm from the MLA to represent the microimages reference 

image. 

 

 

Figure 5.22     Single Plano-Convex MLA Reference Integral Images 
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Both Plano-concave and Plano-convex MLAs were implemented and configured 

at the combined short focal length of 4.93mm as shown in Figure 5.23. The top 

image is the overall scene; the bottom as previous represents Spiro figurine at 

also 20cm. Notice how microimages appear magnified in comparison to the 

previous image shown in Figure 5.22, these setup camera parameters are 

described in Table 5.3 

 

 

Figure 5.23     Short Focal Length of Dual MLA System Integral Image 
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Convex MLA Focal Length (mm)  (f1) 3.25 

Concave MLA Focal Length (mm)  (f2) -4.25 

Microlens Pitch Size (µm)   1000 

Aperture (f-number)     4.9 

Combined MLA's Focal Length (mm) 4.932 

Front Focal Length (mm)     7.022 

Back Focal Length (mm)   2.200 
            

Distance Between Both MLA's (mm)(d) 1.800 

Position of Concave MLA (mm)   2.200 

Position of Convex MLA's (mm)   4.000 

 
Table 5.3      Short Focal Length of Dual MLA System Camera Parameters 

 

Utilizing the same camera implementation but this time configured at a 

combined long focal length of 6.00mm as shown in Figure 5.24. The first image is 

the overall scene; the second also represents Spiro figurine at 20cm. Notice how 

microimages appear even more magnified in comparison to previous images 

shown in Figure 5.22/5.23, setup camera parameters are described in Table 5.4 
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Figure 5.24     Long Focal Length of Dual MLA System Integral Image 

 

Convex MLA Focal Length (mm)  (f1) 3.25 

Concave MLA Focal Length (mm)  (f2) -4.25 

Microlens Pitch Size (µm)   1000 

Aperture (f-number)     6.0 

Combined MLA's Focal Length (mm) 6.003 

Front Focal Length (mm)     7.840 

Back Focal Length (mm)   3.600 
            

Distance Between Both MLA's (mm)(d) 1.301 

Position of Concave MLA (mm)   3.600 

Position of Convex MLA's (mm)   4.901 

 
Table 5.4      Long Focal Length of Dual MLA System Camera Parameters 

 

To determine the accuracy of the camera mechanically variable focal length of 

MLAs system, a series of test were performed implementing the previously 
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described calibration procedures to compare the results between the physical 

camera model and the mathematical model. Using a linear stage, the Plano-

concave MLA was positioned at a start distance of 2200µm from the sensor die, 

there-after re-positioned in increasing steps of 100µm from camera sensor die 

until it reaches a distance separation from the sensor die of 3700µm. 

For each new position, the Plano-concave assumed the Plano-convex was 

adjusted using a different linear stage until a sharp cross pattern emerge on the 

camera real-time images, the distances that both linear stages travelled were 

carefully registered, to know the actual separation between both MLAs. All the 

values obtained from the linear stages at every focal length tested were plotted 

in Figure 5.25 and compared with the mathematical model equivalents. 

Theoretically, the implemented Dual MLAs system has a combined focal length 

range between Short F=4.78mm and Long F=6.15, taking into account that each 

of the MLAs has a pole where the optic centre approximately is, from where 

effectively light rays change direction within the array of lens glass thickness. 

Notice alternative MLAs can be implemented to modify the range as required. 

 

Figure 5.25     Comparison of Camera System with Mathematical Model 
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5.12 Conclusion 
 

The research work presented in this thesis demonstrated an optical variable focal 

length microlens array system; able to expand the current capabilities of 

conventional standard plenoptic camera configuration. The proposed method 

allows for optically adjusting the focal length of the microlens array within a 

predetermined range following the optical parameters of the doublet microlens 

array system. Effectively, this technique can adjust the focal length of the 

microlens arrays of the standard plenoptic camera without adding or removing 

any optical elements or modifying additional body components of the camera 

setup.  

Furthermore, the doublet microlens array system can be implemented in various 

camera sensors with different cover glass thickness; making this system cost-

effective as not additional microlens arrays are needed for each or some of the 

different camera sensors. The optical doublet MLA method has a high 

performance and reliability during operation due to the high tolerance to 

changes in temperature and pressure; it can be adjusted in real-time without 

requiring a downtime period of accommodation; does not require additional 

electric power or complex fabrication procedures; it is not reliant on the 

polarization of light; it relatively preserves the pith size of the microlens and 

most importantly, it can yield the highest overall fill factor of any existing 

variable focal length microlens array systems, capturing in the process more 

spatial and angular information than equivalent systems. 
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Chapter 6 

6 Linear Optical Generation of Microimages 
 

6.1 Introduction 
 

Throughout this thesis, it has been emphasized the importance of the number of 

microimages captured in plenoptic 1 configuration integral imaging cameras, as 

the total amount of microimages in a single overall image is directly proportional 

to the spatial resolution of the corresponding processed overall image. Based on 

previous explanation it could make perfect sense that the best course of action 

would be to implement the smallest MLA available into the integral imaging 

system; however, in optics, there are always trade-offs. The two main 

disadvantages of this approach are the following. First the very small pitch of 

individual microlens forming an array, inherently have very small apertures. Light 

travels as transverse waves, when they encounter a small opening these waves 

are bent and spread out as shown in Figure 6.1 (a) (EJS Open Source, 2016). 

Furthermore, since the microlenses array is composed of many individual 

microlens located next to each other, they all end up causing mutual 

interference as illustrated in Figure 6.1 (b). 

                         

Figure 6.1       Graphical Representation of Diffraction on Microlens 

(a) (b) 
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Even in ideal apertures, the light waves are slightly bent as a consequence of the 

centric waves travelling a shorter distance than marginal waves; consequently, 

the light intensity registered by camera sensor pixels is not uniform producing 

what is known as an airy disk pattern.  

The ideal aperture produces a small well-defined airy disc pattern when is at the 

best-focused spot as shown in Figure 6.2 (a). This is a very important parameter 

as it determines the resolution of the system; ideally, each microlens should 

produce an airy disk that is registered by a single pixel in the camera sensor as 

illustrated in Figure 6.2 (b) where a 3D visualization of an airy disk shows the light 

intensity against the corresponding registering sensor pixel. As a result, the 

images generated will be sharp and resolved. 

                     

Figure 6.2       2D/3D Representations of Airy Disk (Cambridge in Colour, 2016)  

Considering the aperture size is substantially reduced the airy disk pattern is no 

longer contained in a single sensor pixel and spreads to neighbouring pixels as 

depicted in Figure 6.3 (a). This issue is exacerbated when numerous microlens 

are overlapped their respective airy disks between each other see Figure 6.3 (b). 

                            

Figure 6.3       Expanded Airy Disk Representation (Cambridge in Colour, 2016)   

(a) (b) 

(a) (b) 
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To summarise the smaller the microlens pitch size the smaller their respective 

apertures, diffraction phenomenon does increase as the aperture size is 

decreased (inversely proportional). As a result, the image quality of the 

microimages will be considerably reduced. Hence the disadvantage of 

implementing smaller pitch size microlens as an approach to improve the spatial 

resolution of integral imaging cameras (plenoptic 1). 

The second disadvantage is more apparent, therefore easier to explain. As 

mentioned before in subchapter 5.9 “the pixels inside each microimage 

represent the different viewpoints of the overall image”; if the microlens pitch 

size implemented is very small it will generate a corresponding microimage with 

a small number of pixels. Hence the resulting processed images will have few 

viewpoints to generate a good quality 3D representation of the image captured; 

instead, it will appear rather flat, it would not look like a conventional 2D but 

neither as desirable 3D. 

Based on these two main disadvantages, it became clear that an alternative 

solution should be implemented to increase the spatial resolution of integral 

imaging systems using plenoptic 1 configuration. 

 

6.2 Existing Generation Methods 
 

The following subchapters will explore a couple of different approaches to 

overcome the shortcomings of using very small pitch size microlens arrays to 

increment the spatial resolution of integral imaging camera systems that are 

configured using plenoptic 1 specifications. 
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6.2.1 Virtual Generation of Microimages 
 

Within 3D VIVANT project a method to produce virtual microimages was 

explored, using computer graphics to virtually generate intermediate 

microimages. Essentially consisted in taking two neighbouring real microimages 

as a reference, then make an approximate prediction (based on reference 

microimages) of the corresponding displacement of the objects contained within 

the microimage (Parallax) and finally produce a virtual microimage containing 

the objects in their predicted apparent positions. However, the virtual 

generation of microimages proved to be inaccurate, as it was based on an 

algorithm that linearly shifts (using the same displacement rate) all the objects 

within the microimages, which did not take into consideration the objects 

individual different distances from the camera. 

The parallax dynamics between subsequent microimages depends on the 

distance of the objects captured from the camera. Objects that are far away 

appear in fewer microimages and as a result the same point in space has a long 

displacement rate between subsequent microimages. In the other hand objects 

that are close to the camera sensor appears in numerous microimages and 

consequently, the same point in space has a short displacement rate between 

subsequent microimages. 

This difference of displacement rate depending on the distance of the captured 

objects from the camera makes impossible the implementation of a prediction 

algorithm based on a linear shift of pixels, which could accurately produce virtual 

microimages. As a consequence the ideal algorithm should be able to detect 

different individual objects within each real microimage, then analyse the 

corresponding displacement rate of each of these objects, and finally produced a 

virtual microimage were the relevant objects are represented with their 

corresponding/different displacement positions. 
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Considering the previous explanation, it became clear that the ideal algorithm to 

generated accurate virtual microimages based on real reference microimages is 

extremely difficult to be implemented for two main reasons: 1) each real 

microimage has a very low resolution (less than 100 x 100 pixels), the objects 

contained within these microimages are represented by even smaller number of 

pixels, consequently is very difficult for existing edge detection algorithm to 

differentiate which pixels correspond to each object; 2) even if the edge 

detection algorithm was able (hypothetically) to detect edges and differentiated 

objects within each real microimage, the necessary computational power and 

time to be able to process one single integral image of the Canon 5D system 

using the 250µm MLA it will be gargantuan.  

This camera setup has 3337 microimages each of them will have to be 

individually analysed first to detect the objects within each microimage, then a 

second analysis will have to be executed to determine the different displacement 

rates of different objects between neighbouring microimages, and finally, the 

intermediate virtual microimages will have to be generated and incorporated 

between all real microimages. As a result, the approach of generating accurate 

virtual microimages from real microimages is unattainable at this moment.  

 

6.2.2 Optical Generation of Microimages 
 

As previous virtual approach proved to be unachievable, research was conducted 

to find alternative existing methods that could be implemented into the integral 

imaging systems, fortunately, a previous related published work was found and 

investigated (Navarro, 2012). 

It consisted of an integral imaging system where the MLA is mounted over two 

linear stages to enable the MLA to linearly move in the X and Y coordinates. 

Initially, a first image is captured; afterwards, the position of the MLA is change 
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displacing the MLA half pitch distance in a diagonal direction; once the MLA 

reach the second position a second image is captured.  

The second image has microimages that effectively represent the intermediate 

steps of the microimages captured in the first image. Notice this method of MLA 

displacement was already proposed previously by (Song, 2002) and (Hong, 2004), 

however as explained in (Navarro, 2012) publication these previous methods are 

not suitable for adequate improvement in spatial resolution. 

By combining both sets of microimages the effective number of microlens 

representing the scene doubles up in X and Y coordinates, as a result, the spatial 

resolution of the processed integral images increases proportionally. This is an 

ideal solution as the captured images are real and consequently preserve the 

correct displacement rate between microimages.  

However, the limitation of this method is the inconvenience of manually moving 

the MLA every time the second set of images is required to be captured; which 

inherently limits this method to only capture still images (no video) due to the 

time it takes to configure the camera for each set of images. Additionally, this 

method requires the use of bulky linear stages and other optical equipment to 

capture the images, which restricts its implementation to only lab conditions, as 

opposed to an ideal portable system. 

This publication also suggested that a more advanced prototype could 

theoretically be implemented, by introducing a phase plate between the camera 

lens and the MLA. Based on their recommendation further research was 

conducted to prove if related work has been already been published. The search 

was successful and follow-up work by some of the authors of (Navarro, 2012) 

publication was found where a prototype of integral imaging camera is 

integrated with the suggested glass plate (LLavador, 2015). 

This new publication demonstrates that by tilting the glass plate (laterally) at a 

low incident angle the light rays coming out of the relay lens shift laterally 
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without changing their respective propagating angle see Figure 6.4. This 

represents a major advantage over previous double snapshot method; as the 

MLA, relay lens and the objective lens remains in their unaltered positions and is 

only an additional optical element in the form of a phase glass (beam 

displacement element) that is required to be repositioned. 

 

Figure 6.4       Phase Glass Light Beam Displacement (Thorlabs, 2016)  

 

The implementation of this method of generating microimages for an integral 

imaging system was executed by placing a large phase glass in front of the MLA 

and followed by the relay lens and the objective lens as shown in Figure 6.5. 

Notice the phase glass must be installed within the optical system and the phase 

glass must have a large size (greater than MLA or sensor). 

 

 

Figure 6.5       Linear Optical Generation of Microimages (Llavador, 2015)  
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The implementation method of (Llavador, 2015) does not show within the paper 

images, the experimental setup, however, it could be assumed that follows the 

implementation pattern of previous work/authors (Navarro, 2012). Where the 

generation of microimages was implemented on an optical bench, under 

controlled lab conditions.  

 

6.3 Proposed Implementation Method 
 

The utilization of the phase glass to generate real microimages offers great 

advantages over existing alternatives. Nonetheless, the published 

implementation method has the following shortcomings: 1) the integral imaging 

system is not portable and confined to the discretely controlled conditions of a 

lab; 2) the existing integral imaging system must be modified to accommodate 

the phase glass; 3) a larger size of phase glass is required, bigger than the size of 

MLA and subsequent camera sensor. 

Based on the previous shortcomings an alternative method to implement the 

phase glass (light beam displacement) for integral imaging generation of 

microimages is proposed. It consists of employing the Canon 5D system and the 

complementary Nikkor 50mm objective lens (chapter 2) as the primary integral 

imaging system, instead of a restricted lab equivalent integral imaging setup.  

By using the advantages of the Canon 5D system, in particular the location of the 

effective aperture of the objective lens (Exit Pupil), a phase glass can be 

positioned right in front of the square aperture (chapter 4). This setup 

overcomes the previously published work shortcomings by: 1) Canon 5D integral 

imaging system is portable; 2) does not require any modification of existing 

system; 3) it only requires a small size phase glass, slightly bigger than the square 

aperture (15.5mm square). 
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6.4 Mathematical Model 
 

The phase glass displaces light rays following the law of diffraction (Snell’s Law). 

Based on this law the Equation 6.1 (Thorlabs, 2016), permits to calculate the 

displacement of the exiting light rays with the position when they enter the 

phase glass. T represents the thickness of the light beam displacement glass, n 

indicates the refractive index of the material of the glass and Ɵ the 

corresponding angles see Figure 6.4. 

             (6.1)     𝐷 = T ∙ sin 𝜃  (1 −
cos 𝜃

√𝑛2−sin2 𝜃
) 

 

6.5 Light Beam Displacement (Phase Glass) 
 

The beam displacement acquired was purchased from Thorlabs, the phase glass 

is more economical than similar from other manufacturers; this post-mountable 

tweaker plate module is AR-coated (350-700nm and 15.5mm size); the glass is 

mounted on a ball and socket adapter that could change the position of the glass 

and when needed securely lock into position as shown in Figure 6.6. 

                           

Figure 6.6       Light Beam Displacement (Phase Glass) (Thorlabs, 2016) 
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6.6 Integral Imaging Camera Setup 
 

In this occasion, the Canon 5D integral imaging camera system did not require 

any modifications, which considerably facilitated the integration of the proposed 

implementation of the phase glass into the camera system. 

The glass was mounted in the cage rotation mount previously described (Figure 

3.6) to enable rotation of phase glass with an accuracy of 5 arcminutes; a 

structure containing the mount was assemble using assembly rods with a cage 

plate as a supporting based as illustrated in Figure 6.7.    

   

Figure 6.7       Custom Made Mechanism to Accurately Control Phase Glass 

 

To keep the simplicity of the implementation and experimentation of the phase 

glass, the custom-made control mechanism built was used to generate the 

necessary images. However, a dedicated frame containing the phase glass and its 

respective control mechanism could be designed and built in the future to be 

attached to the objective lens of the Canon 5D integral imaging system. The 

Canon 5D system with the phase glass mechanism setup is shown in Figure 6.8. 
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Figure 6.8       Linear Optical Generation of Microimages Setup 

 

6.7 Experimental Evaluation 
 

 

Figure 6.9       Linear Optical Generation of Microimages Reference Scene 
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The experimental evaluation was a straightforward process, a scene with several 

objects and custom made markers was set up, as illustrated in the above image 

see Figure 6.9. Using the phase glass mechanism, the first image was captured at 

0 degrees of rotation, thereafter a succession of 5 more images was captured 

with each of them with an increment of 2 degrees of rotation over the previous 

image. From this succession of images segments from the same position in all the 

overall images were extracted and depicted in Figure 6.10, notice the different 

displacement rate of three distinctive objects: Spiro horn (close)Red, WAll-E 

(middle)Blue and Hamburglar pole (far) Yellow. 

   

 

   

 

Figure 6.10     Linear Optical Generation of Microimages Evaluation Samples 

Is worth to consider that if incremental of spatial resolution is not the main 

requirement, linear optical generation of microimages implementation method 

will effectively permit the implementation of larger microlens pitch size, as it will 

compensate for the small number of microimages. 
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Chapter 7 

7 Fabrication of Microlens Arrays Using 3D 

Printer 
 

7.1 Introduction 
 

Previous chapters highlighted the importance of microlens arrays in the current 

future development of integral imaging camera systems. There are many 

techniques used to fabricate microlens arrays; although most of them offer 

excellent optical quality MLAs, the majority of their respective complex 

fabrication processes have undesirable limitations such as very high 

manufacturing costs, the requirement of complicated fabrication methods, the 

fabrication process could take longer time and numerous steps, and the fact that 

the only specialized (unique existing model) MLA 3D printer, is not commercially 

available for consumers.  

Some of the most common current processes to fabricate microlens arrays are:  

The hot embossing (Worgull, 2009), the photoresist (Nussbaum, 1997), the 

ultraviolet moulding (Kim, 2003), the microjet fabrication (Pericet-Camera, 

2007), the electron-beam lithography (Grigaliunas, 2016), and most recently the 

3D printed lenses (LUXeXcel, 2015). 

The first 3D printer was created in 1984 by Chuck Hull of 3D Systems Corp 

(Horvath, 2014). Firstly, the technology was applied to rapid prototyping then 

expanded to mass production. Over the years the 3D printing technology has 

evolved, taking the technology from industry to consumer products by 

developing smaller-scale printers with greater resolutions at lower costs whilst 

using a substantial array of different materials to 3D print models with.  
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This chapter will explore the possibility of implementing two commercially 

available 3D printers, to fabricate microlens arrays. Starting with a mathematical 

model to determine the appropriate optical parameters of individual lenslets; 

and then, based on these parameters a 3D model of the microlens array will be 

designed using the AutoCAD software. The MLA designs will be then 3D printed 

using two different printers; to resolve the optical properties (transparency) of 

the used resin material, polishing techniques will be applied to a single larger 

Plano-convex lens. Finally, these printed microlens arrays will be mounted on the 

Canon 5D integral imaging system, to conduct experimentation and evaluation to 

determine the suitability of this proposed fabrication method of MLAs.    

 

7.2 Proposed Method 
 

This is an alternative method for the fabrication of the microlens arrays, using 

commercially available 3D printers to overcome previously mentioned 

drawbacks of existing manufacturing technologies. The process started by 

creating 3D models of the microlens arrays; based on the mathematical model of 

the desired optical parameters, and by using Computer-Aided Design (AutoCAD) 

software. From the 3D modelling, an STL file was generated; during this 3D 

printing process, the software divides the 3D model into very small cross-

sections that will correspond to each layer that the printer lay down successively, 

printing them one on top of the other until the microlens array was completed.   

Once the microlens array was printed, it was necessary to apply several 

techniques of polishing to the lens, firstly buffing or heat treatment to improve 

the smoothness of the surfaces and increase its transparency properties. To 

improve the clarity of the microlens array (3D object sample) was necessary to 

expose it to a photo-bleaching process, which speeds up the process that 

otherwise will naturally take place in a longer time. 
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7.3 Mathematical Model to Design MLAs   
 

First, it was necessary to mathematically determine the Radius of Curvature (r) 

of a single microlens as depicted in Figure 7.1 based on the desired focal length 

and the respective refractive index (n) of the material to be implemented. The 

Objet VeroClear transparent material is very similar to PMMA (Polymethyl 

Methacrylate) (Stratasys, 2015). This material has a refractive index of n = 

1.4914 at 587.6 nm (Madhuri, 2015). 

 

Figure 7.1       Radius of Curvature of Microlens Lenslet 

 

The ideal equation to find the required Radius of Curvature (r) of individual 

lenslets in the microlens array is the Thin Lens equation (Equation 7.1) (Hecht, 

1987). Where (f) is the focal length of lenslet, (n) is the refractive index of the 

lenslet material, 𝑹𝟏 represents the lenslet radius of curvature of the external 

surface and 𝑹𝟐 represents the lenslet radius of curvature of the internal surface. 

 

  (7.1)         
1

𝑓
=  (𝑛 − 1) [

1

𝑅1
−

1

𝑅2
] 

 

The microlens arrays to be designed were Plano-convex and Plano-concave. 

Where  𝑹𝟏 represents the curved side (external) of the individual lenslet and 𝑹𝟐 
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the flat side (substrate); as a consequence 𝑹𝟐 is not taken into consideration as 

it tends to infinity. Therefore, to find the radius of curvature of the individual 

lenslets it was necessary to derive equation 7.1 in function of 𝑹𝟏 as it follows in 

Equation 7.2. 

 

  (7.2)                 𝑅1 =  (𝑛 − 1)  𝑓  

Using the previous simplified equation 7.2; the known values of the refractive 

index of the printing material and the desired focal length of the lenslets were 

introduced to obtain the missing value of the external radius of curvature of the 

lenslets, necessary to design the microlens arrays. 

 

7.4 CAD Modelling of Microlens Arrays 
 

Computer-Aided Design (CAD) software was implemented to design the 3D 

model representations on the microlens arrays; the tool used was AutoCAD. The 

microlens arrays were designed considering parameters such as the radius of 

curvature of the lenslets, shape of the lenslets, pitch size of the lenslets, the 

thickness of the substrate, and size of the microlens array. After the microlens 

arrays were 3D modelled with all the desired parameters, an “STL” file was 

produced containing all the instructions for the 3D printer to fabricate both 

MLAs and the single Plano-convex lens. 

 

7.5 Microlens Arrays Design 
 

Based on the mechanical variable focal length of the microlens array system, 

where two high-quality and expensive MLAs were implemented as a matching 
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doublet configuration. It was considered that the most appropriated course of 

action to design the 3D printed MLAs was to replicate the same optical 

parameters for each of both Plano-convex and Plano-concave microlens arrays.  

The main purpose of matching the 3D printed MLAs optical parameters with the 

commercially acquired MLAs; consisted in enabling a more thorough evaluation 

and testing process by comparing both sets of MLAs in equal optical and visual 

terms. The commercial MLAs constituted the high-quality optical benchmarking 

reference, and the 3D printed MLAs were the comparative testing samples. 

Based on the previous design requirement, the desired optical specifications for 

both microlens arrays were determined. 

 

Plano-Convex Microlens Array Design: The microlens array was designed to be 

3D printed with the following desired parameters for each lenslet: a pitch size of 

1000µm; a radius of curvature of 1600µm; a window thickness of 2500µm; an 

aperture of f/3.3; a focal length of 3250µm and an array composed of 50 by 50 

microlenses. A 3D model of the individual lenslet and an array of microlens are 

shown in Figure 7.2. 

               

Figure 7.2       Plano-Convex Microlens Array Design 
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Plano-Concave Microlens Array Design: The microlens array was designed to be 

3D printed with the following desired parameters for each lenslet: a pitch size of 

1000µm; a radius of curvature of 2100µm; a window thickness 2500µm; an 

aperture of f/4.3; a focal length of -4250µm and an array composed of 50 by 50m 

microlenses. A 3D model of the individual lenslet and an array of microlens are 

shown in Figure 7.3. 

            

Figure 7.3       Plano-Concave Microlens Array Design 

 

Plano-Convex Single Lens Design: Although, the optical parameters of the 

designed MLAs were accurately calculated using a mathematical model; it was 

necessary to evaluate the optical properties of the 3D printing material in terms 

of colour and transparency, as they have an impact on the captured images final 

quality. These properties are difficult to detect in very small lenslets; however, 

they are easier to identify in larger surface and thicker 3D printed lens.   

Similarly to the design approach of the printed MLAs, where high-quality 

commercial MLAs can be compared to the equivalent 3D printed samples; the 

single Plano-convex lens design was also based on existing commercial Plano-
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convex lens available in the scope of the project. Additionally, this lens can be 

securely attached using available cage mounts.   

The single Plano-convex lens was designed with the following (equivalent) 

desired parameters: a diameter of 50.8mm; a radius of curvature of 73.5mm; a 

window thickness 3mm; an aperture of f/2.9; a focal length of 149.57mm. A 3D 

model of a single Plano-convex is illustrated in Figure 7.4. 

                                                   

Figure 7.4       Plano-Convex Single Lens Design 

 

7.6 3D Printers Implemented 
 

There is a great variety of 3D printers. They could be categorized based on price 

range, printing material, resolution, printing technology, etc. However, for the 

implementation of this proposed method two fundamental parameters are 

essential: the material used must be transparent, and the 3D printer must have 

high-quality printing resolution (layering smaller than 100µm). These key 

specifications are necessary to ensure that 3D printed microlens arrays permit 

the light to pass through without unwanted alterations and to provide the 
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lenslets with a smoother surface that can converge evenly the incoming light 

rays. Primarily based on the requirement of a transparent printing material; at 

the moment of this thesis study, just two commercially available printers were 

found to be suitable for the implementation. 

The first 3D printer to be implemented for the fabrication of microlens arrays 

was the Objet30 Pro as it is one of the best 3D printers in the market at an 

expensive cost. It uses Polyjet print technology consisting of a printer head 

depositing drops of material with a size of just 50 Pico litres. It has a lateral 

resolution of 100µm and layering resolution of 16µm; it can implement a wide 

range of model materials compositions, and most importantly is capable of 

printing transparent samples using Object VeroClear material.  

The second 3D printer used was the Form 1, manufactured by a startup company 

and costing ten times less than the Object30 Pro printer. It uses a photo resin 

technology which consists of a laser solidifying (photoreaction) very thin layers of 

liquid resin. It has a lateral resolution of 200um and a layering resolution of 

25um, it also has a wide range of printable materials and is also capable of 

printing transparent models. 

To provide a better understanding of the main differences of the two 

implemented 3D printers in terms of their main parameters, characteristics, and 

functionality; it was necessary to compare some of their main specifications as 

shown in Table 7.1. 

 Object30 Pro Form 1 

Dimensions 82 x 60 x 62 cm 30 x 28 x 45 cm 

Weight 106 Kg 8 Kg 

Technology Polyjet Stereolithography (SLA) 

Build Volume 294 x 192 x 148 mm 125 x 125 x 165 mm 
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Lateral Resolution 100 microns 300 microns 

Layer Resolution 16 microns 25 microns 

Connectivity USB / Ethernet USB 

Software Object Studio PreForm 

Power Requirements 200-240 V 
3.5 A 50/60 Hz 

 

100-240 V 
1.5 A 50/60 Hz 

Transparent Material Object VeroClear Clear Resin 

Additional Materials Composite / ABS Like 
High Temp / Rigid  

Polypropylene Like 
Rubber / Bio Compatible 

Dental 

Black / Castable /Dental  
Durable / Flexible / Grey 
High Temp / Tough and 

White Resins 

 
Table 7.1      Comparison of Object30 Pro and Form 1 3D Printers 

 

7.7 3D Printed MLAs and Field Lens Samples 
 

At this stage, the STL files previously generated by the AutoCAD software tool; 

were transferred to both 3D printers to start the process of fabrication. The 

finalized 3D samples produced by the Object30 Pro must be thoroughly clean, as 

they come out of the printer with a surrounding solidified wax solution that can 

be easily removed by scraping and brushing the pieces. The completed 3D 

samples printed by the Form 1 also required deep cleaning, as they have a thin 

layer of unsolidified oily resin; that needs to be removed by placing the pieces for 

a short time in a bath solution of 90% of alcohol. The Figure 7.5 shows the 3D 

printed Plano-convex MLAs, Plano-concave MLAs, and field lenses designs; the 

top three are the samples printed with Object30 Pro and the bottom three are 

the samples printed with the Form 1. 



167 
 

 

Figure 7.5       3D Printed Plano-Convex, Plano-Concave MLAs and Field Lenses 

 

7.8 Improving the Finish of MLA and Lens 3D Samples 
 

The photobleaching is the first step on the post-treatment of 3D printed 

microlens arrays and field lenses. During the 3D printing process, both different 

materials absorbed UV light radiation which slightly yellow tints the samples, 

reducing their clarity. Although this yellow tint fades away naturally over time, it 

is best to accelerate the process by using a photobleaching procedure. It consists 

of exposing the 3D printed MLAs and field lenses to intense ultraviolet light at a 

temperature of 40 degrees for six hours. 

Once the clarity of the printed samples was increased, it was necessary to further 

improve the optical quality of all the lenses; by smoothing the optical surfaces of 

the 3D printed lenslets. However, the microlens arrays cannot be physically 
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polished using conventional techniques since the individual lenslets have a 1mm 

square area, which makes them not accessible to the polishing tools.  

To explore the optical qualities (transparency and convergence) of the clear 

printing material used; it was necessary to implement the single Plano-convex 

lens printed with Object30 Pro. Using several sandpapers ranging from 1000 to 

3000 grits in conjunction with a wet and dry technique; both field lens surfaces 

were thoroughly smoothed. Figure 7.6 shows in the left image an opaque field 

lens without being polished; the right image illustrates the high transparency and 

convergence of light of the polished field lens. 

       

Figure 7.6       Polished Plano-Convex Single Lens Printed with Object30 Pro 

 

7.9 Experimental Evaluation 
 

Before the 3D printed microlens arrays can be mounted in the Canon 5D camera 

system, it was necessary to examine in more detail the quality of the surface of 

the individual lenslets for each of the Plano-convex MLAs. Using a high 

magnification camera; images of the curved surface of the lenslets for each MLA 

were captured and compared to determine which of the 3D printed samples has 

a more accurate representation of the desired curved surfaces. 
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A close up of the curved surface of the Form 1 3D printed microlens array 

revealed the severe irregularities and inaccuracies of the curvature of the 

lenslets as shown in Figure 7.7; as such this 3D sample is unsuitable for integral 

imaging camera implementation. The Object30 Pro 3D printed sample; 

undoubtedly shows a more uniform and precise curvature representation of the 

lenslets see Figure 7.8; due to the highest lateral and layer printing resolutions. 

Therefore, making it the chosen implementation method of this study.  

 

Figure 7.7       Magnification of the Form1 Plano-Convex 3D Printed MLA  

 

Figure 7.8       Magnification of the Object30 Pro Plano-Convex 3D Printed MLA 
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To provide a high-quality optical benchmarking reference; the commercial Plano-

convex MLA is mounted in the Canon 5D camera system, to capture an image of 

a scene with a plastic bottle of water (Evian) as shown in Figure 7.9. The purpose 

of this exercise is to compare in terms of quality, this image with the obtained 

images from the Object30 Pro 3D printed MLA. 

 

Figure 7.9       Reference Image of the Commercial Plano-convex MLA  

A white background image captured with the Object30 Pro MLA; was used to 

accurately show the inconsistent spherical surfaces of individual contiguous 

lenslets, where features are uneven and lack precision see Figure 7.10.   

 

Figure 7.10       White Background of Object30 Pro 3D Printed Microlens Array 
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To test the clarity and transparency of the Object30 Pro microlens array the 

positioning of the MLA is adjusted to generate a flat image (no parallax) of the 

scene as shown in Figure 7.11. The MLA has satisfactory performance, allowing 

light rays to adequately travel through the microlens array.  

 

Figure 7.11       Transparency of Object30 Pro 3D Printed Microlens Array 
 

Finally, the Object30 Pro MLA is positioned following the standard plenoptic 

camera configuration to generate the corresponding parallax; the resulting 

microimages suffered from severe distortions due to the defective curvature of 

lenslets as illustrated in Figure 7.12.  

 

Figure 7.12       Image Quality of Object30 Pro 3D Printed Microlens Array 
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7.10 Conclusion 
 

The fundamental idea of this chapter was to explore the potential of an 

alternative fabrication method of microlens arrays to overcome the limitations of 

existing methods; the proposed technique consisted in using commercially 

available 3D printers, capable of implementing transparent materials to fabricate 

3D printed microlens arrays samples. 

After mathematically calculated the desired optical parameters; used AutoCAD 

software tool to generate 3D models; printed the required samples; integrated 

the MLA in the Canon 5D camera system and conducted the experimental 

evaluation. It was concluded based on the analysis of the captured images; that 

the distortions of individual microimages severely deteriorated the quality of the 

microimages to the point that they cannot sufficiently represent the objects 

recorded in the scene. Furthermore, the optical inconsistency between the 

contiguous microimages will make virtually impossible the generation of 

accurate viewpoints. 

During this study the size of the 3D printed lenslets on the MLA was of 1mm 

square area; it is assumed that the image quality of the microimages will surely 

improve with the implementation of larger lenslets, as the spherical surface will 

be more precisely printed due to the lateral and layer resolutions of the 3D 

printer. However, printing larger size lenslets will defeat the purpose of using an 

MLA for integral imaging; as the spatial resolution will be drastically reduced. 

The most critical disadvantage of the 3D printing fabrication of microlens arrays 

technique is the impossibility of accurately smooth the spherical surface of 

individual lenslets. A possible solution to overcome this issue will be to 

implement a 3D printing material; that can return to liquid/viscous state after it 

has been solidified. Once in liquid/viscous state, it can use surface tension to 

accurately and smoothly shape the lenslets curvature; then it can be hardened 

again, obtaining a higher quality microlens array in the process.    



173 
 

Chapter 8 

8 Conclusion and Further Work 
 

8.1 Conclusions 
 

Initially, in the introduction of this thesis, it was important to highlight the 

development of three-dimensional imaging throughout history, especially in the 

last hundred years; where stereoscopic and autostereoscopic techniques were 

progressively improved and developed. As a result of recent technological 

advances, the integral imaging technique experienced a revival, and nowadays it 

is considered one of the best technologies for future capturing and display of 3D 

imaging. General exploration of the current and potential applications of 3D 

imaging was described to establish the importance and relevance of the field of 

the study of this thesis.  

One of the first objectives was to examine the theory of 3D imaging in detail; the 

literature review conducted in chapter 2 formed the basis from which the thesis 

could be successfully completed. Exploring further the most important 

stereoscopic and autostereoscopic techniques and highlighting in the process the 

advantages and disadvantages of each method in a progressive manner; that set 

the flow of the cognitive process to finally determined that the integral imaging 

technique is the optimal 3D imaging method to be adopted and developed in this 

thesis. The three major plenoptic camera configurations were analysed and 

contrasted in comparison to the positioning of the main optical elements and 

their relative spatial and angular resolutions; with the standard plenoptic camera 

offering the best option to capture the indispensable depth information. 

Additionally, the most common optical distortions were explored to understand 

better how the image quality can be affected, the importance of calibration 



174 
 

procedures and the fill factor were highlighted, and finally, an overview of the 

role and contributions of this thesis study within the context of the 3D VIVANT 

European consortium project. 

Before the proposed variable focal length of the microlens array system could be 

developed it was necessary to first design and build the standard plenoptic 

camera. Chapter 3 explains in detail the construction process of three different 

plenoptic cameras systems; two cameras using a relay lens to convey the light 

rays exiting the microlens array into the camera sensor and one camera 

integrating the microlens array directly in front of the sensor. The relay and 

direct integrations were tested and compared in terms of optical parameters, 

optical distortions, features, and capabilities; to be able to establish the main 

advantages and disadvantages of each system. Furthermore, it set the basis to 

clearly determine that the direct integration is the best method to implement 

the variable focal length of microlens array system and that the relay method is 

the best approach to accomplish the linear optical generation of microimages. 

To ensure the correct positioning and alignment of the microlens array with the 

camera sensor and objective lens; it was necessary to implement a qualitative 

calibration method, performed using an empirical approach based on previous 

research studies; a second quantitative calibration procedure was conducted 

using an autocollimator to improve further the accuracy of the alignment of the 

optical elements. With the addition of field lenses in an optimal configuration the 

vignetting, barrel, and spherical distortions were drastically minimized. A 

custom-made aperture was implemented to match the square shape of the 

microlens array lenslets, substantially maximizing the fill factor of microimages 

and enabling the camera system to capture more information.  

Before the mechanically variable focal length of microlens arrays system could be 

implemented, it was necessary to perform two different optical simulations to 

confirm in a physical setup the proposed concept; to complement the physical 

models, a software tool using a doublet lens configuration simulated the optical 
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behaviour of the proposed method. Additionally, a mathematical model was 

developed to accurately calculate and predict the various linear translation 

correct positions of the microlens arrays and their respective optical parameters 

for each lenslet.  

To accommodate the variable focal length system into the direct integration 

camera it was necessary to modify the camera body components and general 

setup; a dedicated calibration procedure for the proposed method was 

developed to ensure the correct alignment of all the optical elements, as in 

previous occasions the vignetting distortion was also corrected with the addition 

of a field lens. Finally, the proposed variable focal length MLA method was 

successfully tested and evaluated, where the experimental results were in unison 

with previous simulations and mathematical model. 

To increase the spatial resolution of the standard plenoptic camera, it is 

necessary to implement a greater number of microimages to represent a scene; 

however, it is important to avoid the use of very small pitch size lenslets as they 

will limit the generation of viewpoints and produce unwanted diffraction effects 

that will negatively impact the image quality. To solve these limitations a 

proposed method based on an existing technique was implemented, utilizing a 

phase glass to displace the incoming light beam from the scene; generating in 

the process additional real microimages that are slightly displaced in one or both 

axes from the original captures. This method does not require modification of 

the plenoptic camera; the system can be implemented beyond the confinements 

of an optical lab and uses a smaller size phase glass, effectively reducing the 

overall system costs and increasing portability.  

Due to the current exorbitant costs of commercial microlens arrays; an 

alternative less expensive method to fabricate microlens arrays was explored. 

Initially, a mathematical model to calculate the desirable optical parameters of 

individual lenslets was implemented to design 3D models of microlens arrays 

using AutoCAD software; these models were then fabricated using two different 
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commercially available 3D printers. A single Plano-convex lens was thoroughly 

polished to determine the optical properties of the resin material, in particular, 

the transparency. The results of this fabrication method indicated that although 

the microlens array presented an adequate level of transparency; the resolution 

of the 3D printers was insufficient to accurately print the spherical surface of 

individual lenslets. Furthermore, the microlens replication is not precise as 

contiguous lenslets surface varies in symmetry and small features.  

 

8.2 Further Work 
 

The work conducted and presented in this thesis is very promising; however, the 

capabilities and functionalities of the developed methods can be further 

improved to achieve better overall performance.   

The relay lens standard plenoptic camera requires a more robust built, where the 

re-positioning of the microlens array and the objective lens can be performed in 

a more accurate and control manner using precision linear stages. The 

integration of an alternative relay lens with shorter focal length and reduced 

magnification factor; will increase the light throughput and the view angle of the 

camera system, capturing in the process more information of the scene with 

better illumination and consequently generating higher quality images. 

The provisional structure containing the variable focal length of microlens arrays 

system needs to be replaced with precision optical enclosures and mounts that 

could securely and accurately re-position the doublet MLA system following the 

desired configurations. The direct integration camera could be upgraded with a 

camera with a higher pixel resolution, faster video frame rates, and a thinner 

sensor cover glass. 

The hardware (plenoptic cameras systems methods) developed in this thesis, 

could be complemented with an image processing software tool; that can render 
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the captured images to produce an array of viewpoints, refocus in post-

production the captured images and manipulate further the recorded material. 

Furthermore, the software tool could also be implemented to display in real-time 

(live preview) the images from the camera; allowing it in the process to perform 

a program able to calibrate the camera, detect and calculate the most common 

and apparent optical distortions (vignetting, barrel and spherical) and the fill 

factor of individual lenslets and the overall microlens array. 

 

The mechanically variable focal length of microlens arrays system is an 

achromatic doublet, offering a unique opportunity to reduce chromatic 

aberration of individual microimages. Camera sensor manufacturers are 

continually competing to reduce pixels size to increase cameras resolution (e.g., 

iPhone 7 has 1.3µm pixel pitch); the smaller the pixels become, the more 

noticeable chromatic aberration will be in microimages. To improve the 

microimages quality further, it will be necessary to develop a software simulation 

tool able to detect chromatic aberration and model the necessary optical 

parameters of the doublet system to minimize the distortion. 

The rudimentary square aperture implemented to increase the fill factor of the 

microimages could be improved by replacing it with a digital aperture (LCD 

display) that could dynamically and electronically adjust its dimensions to match 

the MLA’s lenslets aperture. Very importantly the LCD screen should have the 

highest transparency possible to avoid darkening of the images. 

Following the linear optical generation of microimages, the initial camera 

configuration can be further improved by designing and implementing a self-

contain apparatus that includes the phase glass mounted to a dual axes 

mechanism; that will be securely attached to the objective lens and will enable 

the re-positioning of the phase glass depending on the desired configuration.  
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The future of integral imaging is very promising as the current and predicted 

advances in relevant technologies are effectively and substantially improving the 

current limitations (spatial resolution), overcoming in the process the barrier of 

commercialization. This trend is so palpable that previous and current studies are 

exploring and developing the potential applications for this technology (Park, 

2013); some of these applications are augmented reality, 3D digital 

watermarking (Barolli, 2017), art display, medical training, cultural heritage, 

forensic, video gaming, post-production refocusing, compositing and many more 

(Xiao, 2013). Integral imaging technology has a vast potential, and it will play a 

pivotal role in the further development of future immersive technologies.    
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Appendix 
 

Design of a custom-made mechanical square aperture for Canon 5D integral 

imaging system. This mechanism will be attached directly in front of the 

objective lens and adjust the dimensions of the square aperture by rotating an 

embedded disk. The following are the main parts integrating this diaphragm 

system: a) very thin blade to block the incoming light; b) the blade is fix in place 

using a matching screw and bolt; c) a set of four blades is arranged in a square 

formation; d) blade actuating ring with curved perforations; e) assemble 

actuating ring with blades (larger aperture) and f) assemble actuating ring after 

rotating the embedded disk (smaller aperture). 

        

     (a)            (b) 

              

 (c)          (d) 
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