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Abstract

In vivo confocal microscopy (IVCM) is used to improve cornea fungal infection

diagnosis. It is a non-invasive, rapid optical imaging technique that can provide information on

various tissue layers. However, current technology can be improved to be faster and cheaper

while maintaining comparable image qualities. The TOI (Translational Optical Imaging) Lab

aims to do this. In the TOI Lab, the microscope can image small regions of the eye that are less

than 1mm, but the lab would like to track where the image falls on the eye. However, because the

tracking camera lies behind the objective lens, the objective lens focuses the camera to a specific

point of the eye. Camera lenses that counteract the objective lens must be developed to image the

whole eye. This project focused on understanding the focal length and optimal imaging distance

of the objective lens to understand the limitation of the objective lens and aid later camera lens

development. An apparatus was designed to capture images of different distance combinations

between the camera lens, objective lens, and image. The images from multiple cameras were

compared for suitable size and quality. Utilizing the information found here an optimal camera

lens system is chosen. This project’s goal is to image the whole iris through a camera behind an

objective lens using a series of lenses to adjust the direction of the rays to help locate the position

of corneal ulcers. This research strives to aid the advancement of eye disease diagnosis

technology and expand the reach of such technology to underdeveloped regions of the world.
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Introduction

Eye diagnosis technology is crucial for cornea ulcer diagnosis. The current technology often

requires direct contact with the eye and is an invasive technique that involves corneal scraping.

This process can be uncomfortable for patients. It is also a time-consuming process as it requires

waiting for the tissue to be cultured before the diagnosis can be made. Because eye treatment

requires timely diagnosis, alternative faster solutions are sought. A solution to these problems is

In Vivo Confocal Microscope (IVCM), which allows for faster eye disease diagnosis without

needing to scrape the eye (Tu et al., 2008).

Confocal microscopes send light through a pinhole onto a point on the eye and construct images

of the eye, point by point. The advantages of the IVCM are that it is non-invasive, rapid, and able

to image the cellular morphological changes associated with diseases (Latifi, & Hau, S.,2022).

Variations of confocal microscopes include Tandem Scanning Confocal Microscopes which use

miniaturized Nipkow spinning disks containing large numbers (~14,000) of small holes (40-80

µm) arranged in a spiral fashion. Its advantages are that it can scan a wide field without loss of

resolution in thick tissues and has greater detail and info about the number and shape of the cell

(Latifi, & Hau, S.,2022). Another type of confocal microscope is the Swept-Field Confocal

Microscope. This microscope uses a maneuverable aperture plate containing a variety of pinhole

columns and slit apertures instead of pinholes embedded in the spinning disk. The advantages of
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this technology are that it has high-speed scanning and high resolution (Latifi, & Hau, S.,2022).

Through examining various types of confocal microscopes and their advantages, alternative ways

to improve IVCM can be explored.

The current IVCM is bulky and expensive. The TOI (Translational Optical Imaging) Lab is

working to create a more portable and affordable option. The IVCM is being improved by

changing the traditional scanning mirrors to a transmission grating system. Compared to the

traditional method where there are moving parts that are complicated and expensive,

transmission grating saves both space and cost. Additionally, the illumination method has been

changed from laser to LED. The reasoning behind this change is that laser illumination has a

narrow bandwidth which leads to a smaller range in imaging. On the other hand, LED

illumination not only has a wider range and works well with grating but it also has lower costs

(Kulkarni, 2022). Improving the technology in such a way will aid eye diagnosis and treatment,

especially in rural areas where portability and affordability are key.

Another challenge to designing this IVCM is imaging the full eye. The microscope can image a

small region of the eye that is less than 1 mm, but the lab wishes to track where the image falls in

the scope of the eye. However, due to space limitations such as the objective lens’s proximity to

the eye, the camera must fall behind the objective lens, creating problems for the camera because

the objective lens focuses the camera on a specific point of the eye. Lenses that counteract the

focusing power of the objective lens must be developed to expand the camera’s field of view to

incorporate the whole eye. This is because objective lenses are responsible for primary image

formation. They play a central role in determining the quality of images that the microscope can

produce (Spring, n.d.). When developing an objective lens, one must consider factors such as

magnification, numerical aperture, focal length, and immersion media (Spring, n.d.). There are

numerous aspects of an objective lens that can alter the image result. Hence, numerous

conditions also need to be considered when creating a miniature camera that counteracts the

objective lens: the space available to fit the lens system, the plausibility of manufacturing such

lenses, etc.
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This project will focus on optimizing a lens system for a camera to counteract the objective lens

of the microscope in order to image the whole eye. The lenses will counter the focusing power of

the objective lens and disperse the light rays to increase the field of view of the camera. A series

of operands will be utilized to customize the differing types of lenses to counteract the objective

lens and correct for the various aberrations. This research aims to help doctors track where the

detailed images of ulcers are located on the cornea, aiding in the advancement of eye disease

diagnosis technology.

Materials and Methods

Background Research
Before beginning to design the lens, eye geometrics and geometrical optics were researched.

This aided in a better understanding of the properties of objective lenses and, in effect, aided in

the development of a miniature camera meant to counteract the objective lens.

Objective Lens Investigation

The first step in this project was to understand the focal length of the M12 camera lens that

produces a suitable image size and quality. To do this an apparatus was designed using

SolidWorks to align an M12 camera lens, the Edmund objective lens 20x, and an image holder

(Fig.1). The system was then linked to a computer (Fig.2). Utilizing NI MAX on the computer,

images from the system were captured. Through NI MAX, the exposure of the camera was

adjusted to 0.25 for better visualization of the images. Then, different distances of 5 mm, 25 mm,

45 mm, and 65 mm between the camera and objective lens were tested. The distance between the

image holder and the objective lens was adjusted until the camera showed the full iris of the eye.

In this experiment, a full iris distance was set as 10 mm. Once an adequate area was shown, the

image was saved and the distance between the objective lens and the image holder was

measured. After recording that distance, the image holder is moved closer to the objective lens

by 5 mm. That distance and its camera image were saved as well. This step was to imitate how

the camera would behave when approaching closer to the eye to capture the less than 1mm area

detailed images of the cornea. Finally, the object was moved closer to the objective lens until the

object reached the focal plane of the objective lens where the image refocused. This step
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revealed the focal length of the M12 lens and the distance between the M12 lens and the

objective lens that produced a suitable image size and quality.

Figure 1. Track for M12 lens, objective lens, and image holder on SolidWorks

Figure 2. Imaging set-up in real-life

The above steps were performed for M12 lenses of focal lengths 1.39mm, 2.1mm, and 3.6mm.

Image data were compared between the different combinations to determine the best camera lens

and distance option for full iris imaging. The determination of the optimal camera lens focal

length and distance between the camera lens and the objective lens was based on maximizing (i)
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the area of useful information in an image, (ii) the resolution of the three images, and (iii) the

ability to capture a full iris distance.

Further Optimization

Zemax Opticstudio was later utilized to design the camera lenses. Zemax Opticstudio is a

program that can model, analyze, and assist in the design of optical systems (Focus Software

Inc., 2000). It models how light rays travel through lenses and is highly customizable to various

refraction indexes, fields, and conditions. It can pull information from online databases and

model already-designed lenses.

Zemax models how rays travel in real-life and accounts for the different aberrations. Multiple

lenses are used to adjust for different aberrations and each lens is customized by components

such as its material, focal length, thickness, and curvature. Zemax allows for the exploration of

different components and possibilities virtually. The software also aids in optimizing the optical

systems. Its Merit Function Editor can be utilized to define, modify, and review the system merit

function which can be used for optimization. Through the Merit Function Editor, operands are

used to set target effective focal lengths and constraints for the real ray angle of incidence.

Finally utilizing Zemax’s analysis tools, the performance of the lens system is tested. Zemax can

analyze aberrations, MTF (modulation transfer function), spot diagrams, and many other

computations. On spot diagrams, airy disks can show the optimal area that light rays should fall

into and model where the system's rays currently hit the surface. By optimizing lenses to ensure

the rays fit into the airy disk, the lens system was improved. Using Seidel diagrams, the different

types and amounts of various aberrations were analyzed and the system was optimized to correct

for those aberrations. Zemax contains a vast array of tools that can be used to design, optimize,

and analyze optical systems. Utilizing these tools, the effectiveness and quality of the design

were continually tested

The end goal was to image the whole eye through a camera behind an objective lens using a

series of lenses to adjust the direction and spread of the rays. The aim was to minimize the
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number of lenses so that real-life assembly will be less prone to error and damage, minimize the

cost of the camera lens utilized, and optimize for minimum aberrations.

Safety

As most of the project was completed in a virtual format, no harmful substances were used and

there were no safety risks. No safety precautions needed to be taken.

Results

Figure 3. Images from M12 lens of focal length 1.39mm. A-C are with a camera lens to objective lens distance of
5mm and D-F are with a camera lens to objective lens distance of 25 mm. (a) full iris distance captured (b) distance
decreased by 5mm (c) image is refocused (d) full iris distance captured (e) distance decreased by 5mm (f) image is
refocused
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Figure 4. Images from M12 lens of focal length 2.1mm. A-C are with a camera lens to objective lens distance of
5mm, D-F are with a camera lens to objective lens distance of 25 mm, G-I are with a camera lens to objective lens
distance of 45mm, and J-L are with a camera lens to objective lens distance of 65mm. (a) full iris distance captured
(b) distance decreased by 5mm (c) image is refocused (d) full iris distance captured (e) distance decreased by 5mm
(f) image is refocused (g) full iris distance captured (h) distance decreased by 5mm (i) image is refocused (j) full iris
distance captured (k) distance decreased by 5mm (l) image is refocused
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Figure 5. Images from M12 lens of focal length 3.6mm. A-C are with a camera lens to objective lens distance of
5mm, D-F are with a camera lens to objective lens distance of 25 mm, G-I are with a camera lens to objective lens
distance of 45mm, and J-L are with a camera lens to objective lens distance of 65mm. (a) full iris distance captured
(b) distance decreased by 5mm (c) image is refocused (d) full iris distance captured (e) distance decreased by 5mm
(f) image is refocused (g) full iris distance captured (h) distance decreased by 5mm (i) image is refocused (j) full iris
distance captured (k) distance decreased by 5mm (l) image is refocused
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M12 Lens: Focal Length 1.39mm

M12 Lens to Objective Lens Distance (mm) 5 25

Objective Lens to Object Distance (mm) 31.9 22.7

Objective Lens to Object Decreased by 5 mm
Distance (mm) 26.9 17.7

Object refocused distance (mm) 20.9 12.1

Figure 6. Distance measurements for M12 lens of focal length 1.39mm

M12 Lens: Focal Length 2.1mm

M12 Lens to Objective Lens Distance (mm) 5 25 25 25

Objective Lens to Object Distance (mm) 32.1 30.9 30.9 30.9

Objective Lens to Object Decreased by 5 mm
Distance (mm) 27.1 25.9 25.9 25.9

Object refocused distance (mm) 14.8 22.3 22.3 22.3

Figure 7. Distance measurements for M12 lens of focal length 2.1mm

M12 Lens: Focal Length 3.6mm

M12 Lens to Objective Lens Distance (mm) 5 25 45 65

Objective Lens to Object Distance (mm) 32.1 31.8 29.8 33.1

Objective Lens to Object Decreased by 5 mm
Distance (mm) 27.1 26.8 24.8 28.1

Object refocused distance (mm) 12.3 21.8 21.9 25.1

Figure 8. Distance measurements for M12 lens of focal length 3.6mm

Discussion

After comparing the usable image areas of the three cameras, the M12 lens with a focal length of

3.6mm is the optimal camera to use. The usable image area of each camera is the area in which

one can see the measuring card. The M12 lens with a focal length of 3.6mm captures the greatest

usable image area out of the three M12 camera lenses. Then through looking at the clarity of the

circles of the images on the far left and for visible pixel dots that form the lines in the images on
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the far right, one can determine the optimal distance. At a distance of 45mm, the lines are most

clear and the circles are most distinguishable (Fig.9). Additionally, between each line is 1 mm of

space and each pixel dot is around 0.08 mm in diameter. Looking at (a) in Figure 9, the camera

lens of focal length 3.6mm can capture more than a full iris distance at a suitable quality. Hence,

for the most suitable image quality and size image, a camera lens of 3.6mm when the objective

lens is 45 mm away from the camera lens is optimal.

Figure 9. Cropped images from M12 lens of focal length 3.6mm at 45mm. (a) full iris distance captured (b) distance

decreased by 5mm (c) image is refocused

A point to note is that for the refocusing distance when the camera lens of focal length 3.6mm to

objective lens distance was 5 mm, the image flipped before it was refocused. Whereas, this flip

did not occur for comparatively further distances. The absence of a flip indicates that these

images were taken beyond the focal plane in the intermediate image space. This means the

results do not reveal the focal length of the 3.6mm camera lens because the distances for the

refocused images at 25mm, 45mm, and 65mm were recorded before a flip occurred.

Additionally, originally different numerical apertures were intended to be explored as well to

discover their effects on image quality. However, due to 3D printing limitations, the minuscule

holes of the apertures were unable to be printed. Therefore, the effective numerical aperture that

provides a suitable image quality was unable to be explored at this point.
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Conclusion

Nevertheless, these results do reveal the optimal focal length of the camera lens as 3.6mm and

the optimal distance between the 3.6mm camera lens and objective lens that produces a suitable

image size and quality as 45mm. These results will aid the designing of a camera lens system for

the IVCM that can capture the full iris distance. Therefore, this project will aid in advancing eye

diagnostic technology to help doctors locate the position of corneal ulcers.

For future research, the focus will be on the exploration of decentering along a different axis

between the camera lens and the objective lens. Another direction of research is understanding

what happens to image size and quality after inserting a D-shape aperture onto the objective lens.

These two areas of research could provide further information for expanding the camera’s field

of view because based on the current IVCM design progress, the wide-field imaging camera is

likely to be off-center from the objective lens and will not be able to capture an image of the full

objective lens area.
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