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 Over half of the visits to an ophthalmologist are routine eye checkups or post-operation 

follow-ups. Such in-person visits are necessary to monitor the condition of the patient’s eyes, so 

the physician can provide appropriate on-time treatment to mitigate damage to a patient’s vision.   

At each visit, the patient receives a set of routine eye examinations using standard ophthalmic 

instruments. These large machines are expensive, need to be stored in a controlled environment, 

and require a trained technician to operate them to conduct the exam. Because of these factors, a 

visit to an eye clinic can be expensive and time-consuming for a patient. In the case where the 
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patient cannot physically visit the office, the ophthalmologist may call the patient and receive a 

verbal description of the patient’s eye condition, which often leads to misdiagnosis and costly 

late treatment.  The problems associated with patients being unable to receive appropriate eye 

examination is made worse by the present COVID-19 pandemic, where everyone must stay at 

home and comply with the so-called social distancing policy to minimize the spread of the virus. 

Patients are unable to visit the eye clinic to receive their eye checkups, forcing ophthalmologists 

to rely on the patient’s verbal description for medical treatment.   

To address the growing need for at-home eye monitoring, portable internet-enabled 

patient point-of-care ophthalmic instruments need to be designed to enable patients to self-

examine their eyes in the comfort of their homes. The results from such screening are then 

forwarded to an ophthalmologist for off-site evaluation. Also, with these internet-enabled 

ophthalmic devices, patients can remotely connect with the physician to discuss their screening 

results via the internet. These devices aim to be low-cost, easy-to-use, reliable, and portable. 

They will replace the complicated to operate and costly to maintain conventional ophthalmic 

instruments such as the slit lamp, the visual acuity screener, the funduscope, and the tonometer. 

The main objective of this master’s thesis is to develop portable internet-enabled 

ophthalmic instruments that enable users to perform self-monitoring of their eyes. These 

instruments are a self-imaging slit lamp, a self-screening visual acuity screener, and a compact 2-

in-1 goggle tester, capable of performing slit lamp examination and visual acuity screening. The 

self-imaging slit lamp instrument can automate the slit lamp screening process of the anterior 

segment of the eye. Slit images are captured and stored via an attached smartphone. Unlike the 

traditional visual acuity exam, the self-screening visual acuity screener enables the user to 
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perform the test on himself or herself without the need for a test operator to facilitate the 

screening process.    

Moreover, the 2-in-1 goggle allows the user to perform a self-imaging slit lamp exam and 

receive self-screening visual acuity results from a single compact device. Ophthalmologists are 

given access to the examination results through secure cloud storage, and they can communicate 

with patients via the attached smartphone in these devices. Preliminary prototyping of these 

portable self-examining ophthalmic instruments has demonstrated promising results. 
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Chapter 1 Introduction  

1.1 Human Eye  

The human eye is a complex visual system that enables the colorful world to be 

visualized. It accomplishes this task by focusing light rays reflected off an object via the cornea 

and the crystalline lens onto the retina, where the light energy is converted into electrical signals 

by photoreceptors (rods and cones). Then, the signals are transmitted to the cerebral visual cortex 

via the optic nerve to be interpreted as an upright image [18]. Moreover, the eye is the only organ 

that can be examined internally in a noninvasive manner through the pupil. Looking into the eye, 

the observer can determine the health condition of the eye. The structure of the eye and its 

optical characteristics must be fully understood before one can develop a device to examine the 

subject. 

1.1.1 Structure of the Eye 

The human eye is separated into the two main segments: the anterior segment and the 

posterior segment, as shown in Figure 1.1. The anterior segment further breaks down into the 

anterior chamber and posterior chamber. The different tissues of the anterior segment are the 

cornea, the aqueous humor, the crystalline lens, the iris, and the ciliary body, which are 

responsible for refracting light into the eye. On the other hand, the posterior segment, which is 

responsible for processing incoming light into a visual stimulus for the brain, is composed of the 

sclera, the choroid, the retina, the fovea, the optic nerve, and the vitreous humor [8]. Damage or 

degeneration of any tissues listed above can lead to irreversible blindness in the long run; thus, it 

is essential to frequently monitor the eye to determine and treat any damage promptly. To 
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examine each segment, ophthalmic instruments must have specialized lens configurations design 

to look at a specific segment of the eye.  

 

1.1.2 Optics of the Eye  

The two main optical components of the eye are the cornea and the crystalline lens. 

Together, they provide approximately +60D (diopters) of refractive power to focus incident light 

rays onto the retina. As shown in equation (1.1), the power of a lens (D) is the inverse of the 

focal length (f) in meter (m). The cornea provides about 70% of the refracting power, and the 

rest is provided by the crystalline lens [14].  Moreover, for the eye to see an object at close and 

faraway distances, the eye varies the refractive power of the crystalline lens in a process called 

accommodation. The eye accommodates to see an object at various distances by changing the 

curvature of the lens, causing the focal length to change in order to focus a sharp image of the 

object onto the retina.  

𝑃[𝐷] =
1

𝑓 [𝑚]
 (1.1) 

Figure 1.1: Structural Schematic of the Human Eye [8]. 
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In Figure 1.2, the eye is accommodated to see a nearby object by contracting the ciliary 

muscle, causing the zonular fiber to relax and allow the lens to be spherical, i.e., the lens radius 

of curvature is reduced, causing the refractive power of the lens to increase. The effect is a 

shorter focal length to allow a sharp inverted image to be projected onto the retina [18]. The 

opposite reaction would be triggered, in a relaxed state, to see an object far away from the eye.  

The accommodation range is from the far point (Qfar), when the total refractive power is at 

maximal power, to the near point (Qnear), when it is at minimal state. For a young adult with 

normal vision, the Qnear limit is approximately 25 cm away from the eye.  Any object placed 

closer than this point will appear blurry. As the age of a person increases, the Qnear limit will 

increase accordingly as the eye lose its ability to accommodate.  

The optical axis of the eye is considered as a theoretical best-fit line that is perpendicular 

to the cornea and the crystalline lens center of curvatures. On the optical axis are three crucial 

cardinal points: the focal points, the principal points, and the nodal points. These points are vital 

locations that help describe the decentered optical imaging system of the human eye. In Figure 

1.3, F is the anterior focal point, where light rays intersecting this point would enter the eye as 

Figure 1.2: The eye accommodated state to see a close by object, and the eye relaxed state 

to see a faraway object. P is the principal point. Qnear
 and Qfar are points representing the 

object location. Snear
 and Sfar are distances between point Qnear

 and Qfar [18]. 
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collimated (parallel to the optical axis) light rays, passing through both the cornea and lens 

(green line). On the other hand, parallel light rays entering the eye would be refracted by the 

cornea and the lens to focus at the posterior focal point (F') (blue line). These points indicate 

where light rays, coming from an object, are refracted into a sharp image onto the retina.   

 

To reduce complexity, the cornea and the crystalline lens are often treated as a single 

thick lens [18]. The principal point P indicates the location of the front principal plane on the 

optical axis, and P' denotes the location of the rear principal plane, respectively. These two 

planes are where all incident light ray's refraction occurs. In a centered optical system, the nodal 

points coincide with the principal points; however, since the eye is not a centric imaging system, 

the nodal points must be discussed to reveal the imaging axis of the eye. The nodal points define 

the visual axis of the eye from the O1 to I1, where the fovea is at (Figure 1.3). The fovea is the 

point on the retina, where the eye registers the greatest detail of the projected image of the 

Figure 1.3: Diagram of optical axes, cardinal points, and key optical elements to describes 

the human eye imaging system. F, F’ denote the anterior and posterior of the eye focal point. 

O0, O1 are the on and off-axis fixated points of the object. V is the corneal vertex. P, P’ 

denotes front and rear the principal points. N, N’ represent the incident and emergent nodal 

points. I0, I1 represent the on and off-axis image points [18]. 
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object. Light rays that intersect at the incident nodal point N are parallel to the emergent rays 

crossing N' point, which means the angle between the incident ray and the optical axis (k) is 

equal to the angle between the emergent rays and the optical axis (k’). This nodal ray is said to 

have unity angular magnification [18].  

 

To precisely compute the optical behavior of the eye, detailed eye models have been 

developed from the measurement of the eye. The Exact Gullstrand Eye #1 eye model (Figure 

1.4) is the standard schematic of a paraxial eye model, which is an optical model that does not 

account for aberrations errors [18][6]. It describes the physiological structure of the eye, and its' 

optical properties, making highly precise optical calculations possible. The model has six 

refracting surfaces: two for the cornea, and four for the crystalline lens. Moreover, the schematic 

has geometric and optical parameters for two modes: relaxed vision and accommodated vision, 

Figure 1.4: The relaxed vision mode of the Exact Gullstrand Eye #1 model. rc denotes 

refractive surface radius of curvature, and n denotes the value of the refractive index [18]. 
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as shown in Table 1.1.  Since the model assumed all refractive surfaces are spherical and their 

center of curvature intersect at a common optical axis, the eye spherical and chromatic aberration 

is not accounted in the schematic [18]. 

 

Table 1.1: Geometric and optical parameters of the Exact Gullstrand Eye #1 model 

relaxed vision and accommodated vision [18].  
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The minimum angle of resolution (MAR) is used to quantify the eye visual resolution, 

and it defines the smallest angle associated with the closest spacing between two objects at 

which they can be perceived as a separate entity at the fovea.  The resolution of the eye is 

defined to be 1 minute of arc MAR because that is the maximum resolution of eye diffraction-

limited characteristics. Figure 1.5 illustrates how light is diffracted on the retina and reveals that 

if adjacent objects are too close, the two objects are resolved as a single object (figure 1.5(b)). 

On the other hand, if two adjacent objects have sufficient separation spacing, as shown in figure 

1.5 (c), their diffracted image on the retina would be resolved as two district shapes [1]. 

 

Furthermore, the diameter of a retinal cone photoreceptor is about 1.5 μm. The spacing 

between each cone is about 0.5 μm, which means the smallest physical separation spacing 

between the photoreceptors is about 4 μm at the visual center of the eye, the fovea, where it has 

Figure 1.5: Illustration of the point-spread function for diffraction-limit system: a) the dot 

target, b) two unresolved dots, c) two resolvable dots. The second row indicates the 2D 

representation of the point-spread function, and the third row shows 1D representation of 

the point-spread function, where the red line indicates the sum of energy registered by the 

retina [18]. 
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the highest concentration of photoreceptors per ganglion cell [18]. If the light coming from two 

adjacent dots refracted onto the fovea, and they stimulated two adjacent cones, then the two dots 

are resolved as a simple dot. However, if the light coming from two adjacent dots with sufficient 

separation spacing where they stimulated two cones with one cone unstimulated in between the 

two stimulated cones, then the two dots are resolved as separated dots. This separation is 

corresponding to about 1 min-arc subtend angle (48" arcseconds) at the emergent nodal point of 

the eye, as shown in Figure 1.6.  Other eccentric areas of the retina have significantly fewer cells, 

resulting in a poorer vision in the peripheral region.  

 

1.2 Four Standard Ophthalmic Diagnostic Instruments  

Visiting an ophthalmologist office for an eye examination is unlike receiving an eye 

checkup at a primary care clinic. The screening at an ophthalmologist office is much more 

involved since the testing must characterize the specified conditions of the eye in detail. To 

accurately assess the health status of a patient's eye, an ophthalmologist requires specialized 

Figure 1.6: Diagram illustrates the physical separation of the photoreceptors that defined the 

minimum angle of resolution to be 1 minute of arc [18]. 
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equipment to examine the eye. The four standard instruments that enable the physician to 

evaluate the detail of the eye are the slit lamp biomicroscope, the visual acuity screener, the 

funduscope, and the tonometer.   

1.2.1 Slit Lamp Biomicroscope 

 

One of the most common pieces of equipment in an ophthalmologist's office is the slit 

lamp biomicroscope, which is used to screen the outer structure and the anterior segment of the 

eye. As shown in Figure 1.6, the device has three main components: stereomicroscope, slit lamp 

illumination unit, and the mechanics module. The stereomicroscope part of the slit lamp allows 

the ophthalmologist to view the patient's eye in great detail with the slit beam projected on it 

(Figure 1.8). Through the slit lamp illumination unit, the instrument emits a rectangular narrow 

and sharp beam of light onto the eye of the patient (Figure 1.8.b), which enables the evaluation 

of the anterior segment structure. The slit lamp operator, who must be a trained medical 

Figure 1.7: The slit lamp SL 105 by Carl Zeiss company, and a schematic breakdown of 

the slit lamp three main components: stereomicroscope, slit lamp illumination unit, and 

mechanics module [13]. 
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professional, can manipulate the slit lamp using the mechanic module to position the slit beam at 

various regions of the eye to examine a particular area of interest such as the cornea structure, 

crystalline lens clarity, iris shape, and blood vessels on the ciliary body.  As shown in Figure 

1.8.a, the slit lamp biomicroscope is a tabletop instrument that requires the patient to sit across 

the physician to receive the slit lamp screening. 

 

1.2.2 Visual Acuity Screener  

The visual acuity exam is a test that determines a person's vision sharpness by measuring 

how he or she can see an image or letter at a fixed distance away from an image. The Snellen 

chart is a standardized list of characters, optotypes, that are used in the visual acuity test (Figure 

1.9). The chart has nine levels from top to bottom, with the largest letter indicating the worst 

vision level of 20/200. In the US, the exam requires the patient to stand 20 feet (6 m) away from 

the Snellen chart and read out the smallest row of letters to determine his or her visual acuity 

level. The visual acuity score associated with each row is commonly quantified with the Snellen 

fraction and is given in unit of feet in the US, and meter in other parts of the world.  A person 

with normal vision would have a visual acuity score of 1, which is a 20/20 Snellen fraction. The 

Figure 1.8: a) illustration of a slit lamp examination, and b) an example of a slit image [13]. 
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score is negatively correlated with the size of the optotypes, meaning the larger the letter is, the 

lower the visual acuity score is.  For example, a person with 20/200 vision means he or she can 

see that particular letter at 20 feet (6m) away from the letter, whereas a normal person with 20/20 

vision can see the same letter at 200 feet away. 

 

1.2.3 Funduscope 

 

Figure 1.9: The tumbling E Snellen eye chart [21]. 

Figure 1.10: Image of a health fundus of the eye. 



12 

 

A funduscope or ophthalmoscope is an indispensable tool for an ophthalmologist. It is 

used for examining the interior structure of the eye, mainly the retina region (Figure 1.10), where 

many pathologies of the eye can be observed. Frequent monitoring of the fundus can help track 

the progress of disease leading to blindness such as glaucoma, macular degeneration, and 

diabetic retinopathy.   Traditionally, there are two types of ophthalmoscope: direct and indirect. 

 

A direct ophthalmoscope allows the physician to observe a patient's retinal region 

directly. An upright image of the patient's retina is projected directly onto the doctor's retina, 

through the direct ophthalmoscope (Figure 1.11). The light source emits a scattered light onto the 

condenser lens, where the light gets collimated and passes through an aperture stop to be shaped 

into a narrow beam. The objective lens focuses the collimated beam onto a 45° tilted mirror to be 

reflected onto the patient's eye, which will illuminate the posterior segment of the eye. At the 

same time, the doctor can observe the illuminated patient's retinal region through a compensation 

lens and a viewing aperture, also known as a keyhole. The compensation lens corrects for 

myopia (nearsighted) and hyperopia (farsighted), enabling the doctor to focus on the retina. The 

keyhole minimizes light artifacts that would negatively affect the viewing of the patient's retina 

Figure 1.11: a) illustration of a direct ophthalmoscope, and b) schematic of the optical system 

of a conventional direct ophthalmoscope, where the physician can directly view the patient’s 

retinal structure through the device [18].    
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[14]. One significant advantage of using a direct ophthalmoscope to view the fundus is that the 

patient's eye does not need to be medically dilated. However, a major drawback is that the field 

of view of the retina image is extremely narrow.  

 

To obtain a wider field of view to examine the fundus of the eye better, a binocular 

indirect ophthalmoscope can be used for fundus screening. It is an instrument that allows a 

physician to stereoscopically view a patient's fundus region, with a much wider field of view and 

larger magnification image. Unlike a direct ophthalmoscope, the physician would indirectly 

observe an inverted image of the fundus from a comfortable distance away. Also, the patient’s 

eye must be dilated. As shown in Figure 1.12, the light source emits scattered light onto the 

ophthalmoscopy lens to illuminate the posterior segment of the patient eye. At the same time, the 

doctor's eyes focus on a set of parallel mirrors that reflect an image of the fundus, which is 

formed at the aerial view of the image location. This is where the ophthalmoscopy lens creates 

the image of the fundus [14]. Both types of funduscope require trained professionals to operate 

them and obtain an acceptable fundus image. Also, there exists a funduscope with a built-in 

digital imaging sensor that enables the capturing of high-resolution fundus images.  

Figure 1.12: a) A binocular indirect ophthalmoscope, and b) schematic of the optical system 

of a conventional binocular indirect ophthalmoscope, with ray tracing of the illumination 

beam path, and the observation path [18].      
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1.2.4 Tonometer  

 

A tonometer is a device that is used to measure the eye’s intraocular pressure (IOP), 

which is an important parameter to monitor, especially for the treatment of glaucoma. Glaucoma 

is a medical condition where the optic nerve is damaged gradually, leading to permanent 

blindness. The disease has a strong correlation with elevated intraocular pressure.  Currently, 

there are three types of tonometers available for measuring the pressure of the eye.  As shown in 

Figure 1.13, the gold standard for the IOP measurement device is the Goldman tonometer, which 

is an applanation tonometer. It measures the eye pressure by applying a tiny flat-tip cone onto the 

cornea to flatten it, and the force needed to flatten the cornea is used to interpolate the eye 

pressure. The second type is the rebound tonometer (Figure 1.14.a). It measures eye pressure by 

“shooting” a probe directly against the cornea; as the probe bounces against the cornea and back 

into the device, it creates an induction current from which the eye pressure is calculated. Lastly, 

we have the pneumatic tonometer, commonly known as an air puff tonometer (Figure 1.14.b). 

Working under a similar principle as the applanation tonometer, it measures the eye pressure by 

Figure 1.13: The Goldman tonometer, and a diagram of the applanation tonometer [17]. 
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shooting a jet of air to flatten the cornea, and the force needed to flatten the cornea is detected via 

an electro-optical system, which then is used to calculate the pressure. 

 

1.3 Current Standard of Eye Care 

In today's standard ophthalmic care, a patient who has undergone an ocular treatment 

must receive routine follow-up examination for an extended period, ranging from a few weeks to 

months, depending on the operation [11]. More than half of the in-person visits are routine 

checkups [35]. The goal of the post-operation routine checkup is to monitor for any signs of 

complication and track the recovery process of the patient. For instance, cataract surgery, a 

common ophthalmic procedure that replaces a patients’ cloudy native crystalline lens, requires 

multiple visits post-surgery to monitor patient healing. These visits can require patients to return 

to the clinic for up to one month routinely.  

Since cataract surgery has a very high success rate, the health benefit of such a practice is 

not clear, but the financial burden added to the healthcare system is very real. As of 2009, 

Finland had terminated their practice of requiring post-surgery checkups. To gauge the potential 

benefit or damage caused by this change in policy to the health of the patient with cataract 

surgery, a study conducted by the Oulu University Hospital department of ophthalmology 

retrospectively concluded that the one-month ophthalmic checkup after cataract surgery has no 

Figure 1.14: a) diagram of a rebound tonometer, and b) diagram of a pneumatic tonometer. 
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positive contribution to the patient health. However, 5-10% of patients with ocular complications 

should receive the checkup [11]. Therefore, an in-person visit may not be necessary for most 

patients; however, some eye examination is vital to ensure that the small population of the 

patients with ocular complications can receive appropriate treatment as soon as possible. 

The practice of follow-up exams is still desirable because there is always a minimal 

chance that a patient would develop an ocular complication [26]. The doctor wants to identify the 

problem as soon as possible and treat it. Therefore, it is still advantageous to see every patient 

rather than to miss someone with a complication that may lead to irreversible damage to the 

patient’s vision if treatment was not administered on time. 

 Incorporating the portable internet-enabled ophthalmic instruments to patient post-

surgical monitoring can help address challenges in current eye care. Patients with the device can 

perform self-examinations at home and send the results directly to the physician to assess the 

health of their eyes. The device would reduce the need for in-person visits while ensuring that 

patients are appropriately monitored. 

1.4 Need for Portable Instruments 

Slit lamp screening, fundus imaging, visual acuity screening, and intraocular pressure 

(IOP) measuring are generally completed in a clinical setting and by professional personnel. 

Traditionally, comprehensive eye examinations are performed at an eye clinic. This can be costly 

for the patient in terms of time and money [25] [30]. The main attributes of the high cost are the 

cost of the ophthalmic examination instruments themselves, the cost of maintaining a controlled 

environment to store the devices, and the cost of employing professional personnel to operate the 

machines [22]. 
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Over the last decade, the smartphone has become a powerful microcomputer and a 

ubiquitous item. With such computational capability and connectivity, the smartphone allows 

ophthalmic instruments to be minimized by becoming its brain. Numerous portable ophthalmic 

devices have been developed and marketed to enable ophthalmologists to perform eye screening 

in any setting and sending the result to the appropriate specialist for in-depth evaluation [15].  

Using portable screening tools allows savings in terms of opportunity cost and monetary 

value for both physicians and patients. For example, when an ophthalmologist needs to perform 

follow-up exams for one hundred patients at a hospital or a long-term care facility, the doctor 

needs to schedule one hundred-time spot, one for each patient to visit the ophthalmologist's 

office to receive the exam. Using telemedicine, the doctor can simply send a trained-medical 

technician with the portable ophthalmic instrument to the facility, where he or she performs and 

collects examination results for all one hundred patients. The results are then transmitted to the 

ophthalmologist's office electronically, where the physician can review and provide real-time 

consultation to the patient via videoconferencing as needed.   

Internet-enabled point of care devices can transform the way doctors interact with their 

patients. Patients who need to receive an examination from a specialist do not need to meet the 

specialist in person to receive the exam. The patient can receive a remote exam, and the results 

are forwarded to the specialist. This procedure is an effective way to reduce cost and time for 

both patients and physicians while maintaining or improving the high standard eye care service 

with the traditional visit to the clinic of a specialist. In comparison to in-person consultation, the 

real-time remote consultation, as describes above, is as effective as face-to-face consultations 

[32].  
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In the event that visiting a patient is not possible, like in the current state of the COVID-

19 pandemic, the patients would receive a portable internet-enabled ophthalmic instrument for a 

remote eye examination. So, the patients can perform a self-examination and get the right 

treatment based on the screening results. This thesis will discuss the development of ophthalmic 

internet-enabled instrument devices with the goal of exploring telemedicine for the eye. We will 

examine smartphone-based ophthalmic devices such as the slit lamp, the visual acuity testing 

tools, and novel methods to improve portable ophthalmic measuring tools for self-examination. 

1.5 State of the Art and Commercially Available Portable   

Ophthalmic Devices 

1.5.1 Handheld Slit Lamp 

Eidolon Handheld Slit Lamp 510L 

 

The Eidolon 510L slit lamp is a portable pen-shaped slit lamp with an adjustable slit 

beam and an articulated arm attached to a 20D lens, providing 5x magnification. The lens can be 

attached to a smartphone, enabling it to capture and record slit images (Figure 1.15). The 

articulated arm allows the slit to be positioned at various angles for optimal examination. It also 

Figure 1.15: Eidolon 510L portable slit lamp smartphone adaptor [24].  
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has a cobalt blue filter for corneal abrasion and epithelial defects examination using fluorescent 

dye [24].  

Han Heiss HSL-005 Portable Slit Lamp

 

As shown in Figure 1.16, the HSL-005 portable slit lamp is a rechargeable slit lamp with 

an adjustable slit beam of 0 to 12mm width and length of 12 mm. It has 6x magnification and a 

cobalt blue filter. The device can be used individually or in conjunction with a smartphone via a 

magnetic attachment mechanism. Also, this slit lamp has two illumination color temperatures 

[5].  

SA Photonics Hybrid Slit-Lamp and Ophthalmoscope 

 

Figure 1.16: Illustration of the HSL-005 portable slit lamp smartphone attachment [5]. 

Figure 1.17: SA Photonics Hybrid device [7]. 
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The SA Photonic hybrid device is a combination of multiple ophthalmic instruments into 

one compact device, as illustrated in Figure 1.17. This hybrid goggle has a stereo slit lamp with 

variable illumination mode and patterns. The slit can pan backward and forward to capture stereo 

slit lamp exam images at various positions on the cornea. The second tool is the near IR 

pupillography that measures the reaction of the pupil. Lastly, the device has an ophthalmoscope 

feature for capturing retinal images. This goggle is intended for military applications and can be 

used in combat situations [7] [12]. 

1.5.2 Visual Acuity Smartphone Attachment 

EyeQue Insight

 

The EyeQue Insight screener (Figure 1.18) is a device that enables the user to self-exam 

his or her own visual acuity level, color blindness, and contrast sensitivity. The visual acuity 

exam is based on the Snellen chart, which is a chart of characters with different font sizes. The 

visual acuity score of the user is determined based on his or her ability to resolve the Snellen 

characters, where the font size is correlated with a visual acuity score. The device consists of a 

goggle, which is attached to a smartphone screen. The user looks into the goggle to see the 

Snellen character and indicates his or her ability to resolve the character by swiping in the 

Figure 1.18: EyeQue Insight visual acuity screener smartphone attachment [2].    
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direction of the character orientation, on the bottom half of the smartphone touchscreen. The 

device requires some practice to acquire repeatable and reliable testing results [2].    

1.5.3 Portable Funduscope 

D-Eye Digital Portable Ophthalmoscope 

 

The D-Eye ophthalmoscope is a compact direct ophthalmoscope that magnetically 

attaches to a smartphone bumper frame (Figure 1.19). It uses an 18D lens to focus the 

smartphone onto a patient's retina, and a beam splitter plate to align the camera’s visual axis with 

the light source illumination axis from the phone flashlight. The device captures retinal images 

[28].  

PEEK Retina  

This PEEK Retina ophthalmoscope (Figure 1.20) uses an LED ring to illuminate the 

posterior segment, and a single compensation lens to capture retinal images. The device has a 

screw-on universal phone mount, in which the PEEK device is magnetically attached to it. It also 

has an adjustable light intensity feature and costs around $200.00. The device does not need the 

          Figure 1.19: D-Eye Ophthalmoscope [28]. 
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eye of the user to be dilated; however, the captured fundus images have a very narrow field of 

view, and it requires a trained technician to operate the ophthalmoscope [19]. 

 

oDocs Nun Smartphone Ophthalmoscope 

 

Figure 1.20: The PEEK Retina ophthalmoscope smartphone adaptor [19]. 

Figure 1.21: oDocs Nun ophthalmoscope [29]. 
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Comparing with a traditional direct ophthalmoscope, the oDocs Nun captures images 

with an 8x wider field of view. As shown in Figure 1.21, the device has three color filters, an 

illuminator brightness control, and a manual focusing wheel of -20D to +20D to minimize 

refraction error. It captures arguably better retinal images and costs around $1,120.00. The 

device is intended to be used with a smartphone, where the camera of the smartphone is used to 

photograph the fundus image.[29].   

Methods and Apparatus for Retinal Imaging 

 

In Figure 1.22, this proposed funduscope illuminates the posterior segment from the side 

of the eye, away from the optically clear pupil entrance. This illumination method minimizes the 

problem of pupil contraction due to the bright light, which will allow the camera to capture a 

large area of the fundus, as shown in Figure 1.23.  Multiple light sources are shown to illuminate 

the fundus region without causing the pupil to contract. To get a retinal image with a wider field 

of view without dilating the eye, one can use multiple fundus images and stitch the images 

together, using software, to form a more informative fundus image (Figure 1.24) [20].  

Figure 1.22: Funduscope with off pupil illumination [20]. 
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1.5.4 Portable Intraocular Pressure Sensor 

 

One of the best portable IOP tonometers on the market is the Icare HOME rebound self-

tonometer (Figure 1.25). The device operates under the rebound tonometry principle, as stated in 

section 1.2.4. It received EU CE Marking in 2014, and US FDA approval in 2016. One of its 

Figure 1.23: Off pupil illumination design [20]. 

Figure 1.24: Stitching multiple fundus images into one [20]. 

Figure 1.25: FDA cleared Icare HOME rebound self-tonometer [31]. 



25 

 

major selling points is that this tonometer does not require specialized training to administer the 

IOP measuring exam. This enables the patient to perform frequent self-monitoring of the 

intraocular pressure. The resulting measurement is comparable to the measurement obtained 

using the Goldmann applanation tonometer (GAT) [31]. 

1.5.5 Summary 

In this chapter, we have discussed the underlying principle of the human eye and the 

guiding principle behind ophthalmic instruments such as the slit lamp, the funduscope 

(ophthalmoscope), and the visual acuity screener. We surveyed several portable slit lamps that 

use a smartphone as the main image capturing and restoring method: the Eidolon 510L handheld 

slit lamp and the Han Heiss HSL-005 portable slit lamp. On the funduscope side, there are the D-

Eye digital handheld ophthalmoscope, the PEEK Retina, and the oDocs Nun. These devices use 

the principle of a direct ophthalmoscope. For the visual acuity screener, the EyeQue Insight is an 

excellent instrument for the exam. Lastly, we discussed the SA Photonics Hybrid device, a 

proposed funduscope that illuminates the posterior segment from the side of the eye, and the 

Icare HOME self-tonometer. Except for the  EyeQue visual acuity screen and the Icare self-

tonometer, all of these portable ophthalmic instruments require a second person who is a trained 

medical technician to perform the examination on the patient.  

1.6 Thesis Objective 

The objective of this thesis is to develop novel ophthalmic devices that are portable, low-

cost, and capable of performing self-examining. These ophthalmic instruments are the self-

imaging slit lamp, the self-screening visual acuity screener, and a 2-in-1 device capable of 

performing both exams. Ideally, in the comfort of the home, a user can apply these devices to 



26 

 

self-capture crucial evaluation parameters of his or her eye, and the results are forward to 

ophthalmologists via a smartphone. With these novel instruments, a patient would not need to 

visit an eye clinic to receive quality eye examinations.  

1.7 Organization of Thesis 

Chapter 1 provides the background of the eye physiology and optical characteristic. It 

also gives an overview of the objectives of the thesis. The crucial ophthalmic instruments and 

standard practice of eye care with the implementation of the remote examination are discussed. 

An overview of the state of the art in portable ophthalmic tools is also presented. 

Chapter 2 discussed the development steps of a portable self-imaging slit lamp 

smartphone attachment and self-imaging slit lamp goggle. The design parameters and guiding 

principles of the device are discussed in detail. A comparison of the slit lamp images captured 

with these internet-connected prototypes is made with the result obtained from a conventional 

slit lamp.  

Chapter 3 is a discussion of the design and fabrication of a self-screening visual acuity 

screener. In this chapter, the principle of operation and design parameters are explained. The 

rapid prototyping process of both single-lens and dual-lens configurations are shown along with 

testing result to validate the functionality of the devices.  

Chapter 4 reports on the feasibility of combining two self-examining ophthalmic 

instruments to create a 2-in-1 goggle capable of performing: slit lamp screening and visual acuity 

screening. The screening result obtained with the device is shown and evaluated.  

Chapter 5 concludes the thesis with a summary and provides direction for the future of 

the project.  
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Chapter 2 Design and Fabrication of Self-imaging Slit 

Lamp 

2.1 Design Parameters and Requirements 

The main objective of this project is to develop a novel slit lamp that is capable of 

obtaining comparable examination results as a conventional biomicroscope slit lamp, where the 

patient collects screening results at his or her convenience. As such, the design requirements of 

the proposed portable self-imaging slit lamp are that it needs to be compact, durable, reliable, 

cost-effective, accurate, self-imaging capable, and user-friendly. The overall profile of the device 

must exhibit a small form factor as it is must be easily stored and accessible by the patient. Since 

the device is most likely to be kept in the patient home, not an optimal environment as an 

ophthalmologist clinic, it must be low-cost to manufacture and well-build in terms of its 

structural integrity. Most importantly, the proposed self-imaging slit lamp must be easy-to-use, 

i.e., the patient must be able to self-capture high-resolution slit images reliably with minimum 

instruction. 

2.2 Proposed Design of a Portable Self-imaging Slit Lamp 

As shown in Figure 2.1, the proposed portable self-imaging slit lamp has two main 

components: the slit generating unit (Figure 2.1.a) and the self-imaging unit (Figure 2.1.b). The 

slit generating unit is responsible for outputting a sharp slit beam onto the patient's eye using the 

Köhler principle of illumination similar to a traditional benchtop slit lamp. The unit consists of 

the light source and its electrical circuit to power it, along with the optical elements to convert 

scattered light rays into a homogenously focused slit at the patient's corneal surface. The self-

imaging unit is responsible for enabling the patient to self-capture slit imaging of his or her 
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cornea and transmit such images to ophthalmologists for remote evaluation. The unit consists of 

electrical circuits for wireless communication, an optical element that enables the patient to view 

a focused image of his or her eye at a very short distance to the device, and a digital camera for 

capturing high-resolution slit images of the eye. These two parts work seamlessly together to 

allow a patient to frequently monitor and report the health status of his or her eye anterior 

segment. We will continue to discuss the device in greater detail, starting with a discussion of the 

governing principle of the slit lamp: Köhler Principle of Illumination and the principle behind 

self-imaging.  

 

Figure 2.1: Proposed portable self-imaging slit lamp consists of two main components: a) 

slit generating unit, where (yellow color) ray tracing path indicates the path of the slit 

beam, and b) self-imaging unit, where (blue color ray) tracing path indicates the imaging 

path of the camera.  
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2.3 Köhler Principle of Illumination 

 

As shown in Figure 1.8.b, the sharp slit beam projected on the patient's cornea is a crucial 

element that enables the ophthalmologist to screen the external structure of the eye from any 

appearance of abnormality feature. To generate a sharp and uniform slit beam, the slit lamp 

utilizes the Köhler Principle of Illumination to achieve a homogenous beam of light. As shown in 

Figure 2.2, the primary light source L emits a high intensity scattered light, at approximately 

3000 K color temperature. The light is a warm white light color, which is a typical characteristic 

of a conventional halogen light bulb preferred by ophthalmologists.  Then, the collector lens K, 

usually a condenser lens, focuses the initially scattered emitting light from L at the objective lens 

O, where the image of the light source L is in focus at the center point of the lens O. The slit 

aperture A is positioned after the collector lens K, where light rays passing through the 

condenser lens will be bent into a parallel ray at this specific location.  As the light passes 

through the aperture A, the collimated light is shaped into a narrow beam of light. The width and 

Figure 2.2: Köhler Principle of Illumination diagram, where L indicates the light source, K is 

the collector lens, A is the slit aperture, O is the objective lens, and S defines the location of 

the corneal eye surface. The yellow color ray tracing path indicates the path of the illuminated 

defocused light path. The green color ray path indicates the light source image formation at 

the objective lens by the collector lens. The red color ray path indicates the path where the 

objective lens projects the image of the slit at the slit aperture on to the eye’s cornea. 



30 

 

length of the beam are determined by the slit aperture A opening. Lastly, the objective lens O 

projects the image of the slit aperture A onto the patient corneal surface at location S [13]. To 

obtain a homogenous light beam, the light refracted by the collector lens and passing through the 

slit aperture needs to be collimated. In other words, the light rays at the slit aperture must be 

from a defocused beam. Because the collector lens K projects the image of the light source (i.e., 

the image of the halogen filament) to the location of the objective lens O (Figure 2.2), the light 

beam at the slit aperture A is defocused. If the light at the slit aperture is not a defocused beam, 

then the projected image of the slit will not correspond to a homogenous beam of light. This is 

illustrated in Figure 2.3, where the projected slit beam displays the image of the light source; i.e., 

it is not a homogeneous beam of light.  

 

2.4 Optical Principle of Self-imaging 

As stated in section 1.1.2, the human eye accommodates to see closeup object by 

contracting the ciliary muscle of the eye, making the crystalline lens assume a more spherical 

geometry to allow the image of the closeup object sharply focus at the retina. However, the eye 

near point limitation is about 25 cm, where it cannot accommodate to see objects closer to the 

Figure 2.3: Nonhomogeneous projected slit beam, where the light source is not collimated at 

the slit aperture, revealing the image of the light source.  
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eye than 25 cm. This is a major challenge that the self-imaging slit lamp must overcome since 

the user must be able to easily see his or her eye clearly with a sharp slit projected on it at 

different positions. It would be difficult for the user to hold the slit lamp at 25 cm away from the 

eye, and it would make the device very complex and expensive if it had to capture slit images at 

such a considerable distance.  

 

Therefore, the self-imaging slit lamp must be positioned as close as possible to the eye 

that is being examined to acquire the best possible image quality without any additional 

magnification lenses. At the same time, the user must be able a see the eye clearly with the slit 

on it since he or she need to slightly adjust the device at a different angle to project the slit onto 

the eye at various positions for a full comprehensive slit-lamp examination and self-capture of 

those slit images using a built-in digital camera. As illustrated in Figure 2.4, the main optical 

element in the self-imaging unit is a positive meniscus lens with a 50:50 beam splitter coating, 

which is also referenced as a 2-way mirror. The beam splitter coating is a dielectric coating that 

enables the positive meniscus lens to become a concave mirror. The coating is an optical element 

that splits incoming incident light rays into two outgoing beams, where one beam is transmitted 

Figure 2.4: Self-imaging diagram. The positive meniscus lens with 50:50 beam splitter 

coating (i.e., 2-way mirror) has two functionalities: a) it acts as a concave mirror that allows 

the user to see his or her eye at a significantly shorter distance than the near point, and b) act 

as a converging lens that shortens the focal length of the camera, which allows it to capture 

slit image at a shorter distance (illustrate by the blue ray tracing path).   
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through the element, and the other beam gets reflected (Figure 2.5). The 50:50 ratio of the beam 

splitter coating is the designated splitting ratio of the two separate beams (i.e., reflection: 

transmission ratio), where 50% of the incident beam is the transmitted beam, and the remaining 

50% is the reflected beam [27]. In short, this beam splitter coating turns the positive meniscus 

lens into a 2-way concave mirror, where the observer looking at this lens can see the reflected 

image of himself or herself, and, at the same time, the camera behind the lens still has an 

optically clear path to capture images of the observer.  

 

 

Figure 2.5: Illustration of a beam splitter plate, where the incident beam is at 45° with respect 

to the plate, leading to a 90° deflection of the outgoing reflected beam, and a parallel 

transmitted beam. 

Figure 2.6: Ray diagram of a concave mirror, where the object distance from the mirror is 

less than the focal length of the mirror. f is the focal point of the concave mirror, and c is the 

center of curvature at two times the focal distance.  

https://www.degreesymbol.net/
https://www.degreesymbol.net/
https://www.degreesymbol.net/
https://www.degreesymbol.net/


33 

 

The concave aspect of the mirror is due to the geometric shape of the meniscus lens. A 

concave mirror is a spherical mirror where the reflecting surface is the inner surface of the 

sphere. As shown in Figure 2.6, if an object is placed within the focal point of the concave 

mirror, where the object distance to the mirror is less than the focal length, then the observer will 

see a magnified virtual image of the object behind the mirror, where image distance is 

significantly greater than the object distance [23].  This phenomenon allows the self-imaging slit 

lamp to overcome the eye near point limitation. As the patient looks into the concave mirror, 

where the distance of the patient's eye to the mirror is less than the focal length of the mirror, the 

patient will see a magnified virtual image of his or her eye behind the mirror, where the image 

distance is greater than the 25 cm near point limitation. Additionally, as 50% of the incident 

beam is transmitted through the 2-way mirror and enters into the camera sensor, the lens acts as a 

magnifying lens that shortens the focal length of the camera, allows it to capture sharp images at 

a reduced focusing distance. 

2.5 Optical Configuration and Calculation 

 

As previously discussed, the 2-way mirror enables self-imaging of the device by acting as 

a concave mirror for users to see their eye, and, at the same time, a magnifying lens for the 

Figure 2.7: Optical diagram illustrating the path for forming the virtual image of the eye by 

the 2-way mirror, which allows the user to see his or her eye at a distance less than the near 

point of the eye.  
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camera to capture high-resolution slit image (Figure 2.8.a). To accomplish this task, the 2-ways 

mirror must be placed at a precise location on the eye optical axis. Figure 2.7 indicates the 

optical position of the 2-way mirror to generate a magnified virtual image of the eye for the user 

to sharply focus on, using the principle as described in Figure 2.6. The position of the 2-way 

mirror is computationally determined using the Lens Maker's equation (2.1) for the thick lens, 

and the Gaussian lens formula (2.4) [16].  

1

f
= (n − 1) [

1

R1
−

1

R2
+

(n − 1)D

n ∗ R1 ∗ R2
] (2.1) 

The effective focal distance, f, of the 2-way mirror can be calculated using the equation (2.1), 

given n is the refractive index, R1 is the curvature of the lens front surface, R2 is the curvature of 

the lens backside, and D is the thickness of the lens. Here, f is the distance from the focal point, f, 

to the principal plane, H2, from the backside of the lens. H1 is the principal plane from the front 

side of the lens. Therefore, the principal distance h1 and h2 must be calculated to determine the 

location of the focal point, f, to the lens. As shown in Figure 2.7, the front-principal distance h1 is 

the distance from the front vertex (dash line) to the front principal plane H1, which is computed 

using equation (2.2). Similarly, the back-principal distance h2 is the distance from the back vertex 

(dash line) to the back- principal plane H2 and can be calculated with equation (2.3).   

h1 = −
f(n − 1)D

nR2
 (2.2) 

h2 = −
f(n − 1)D

nR1
 (2.3) 

From here, equation (2.4) of the Gaussian lens formula is used to derived equation (2.5).  
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1

f
=

1

dxo
+

1

dxi
 (2.4) 

dxo =
f ∗ dxi

dxi − f
 (2.5) 

So, the distance of the eye to the back-principal plane of the 2-way mirror, dxo, can be obtained 

using equation (2.5), given the virtual image of the eye, dxi, is 25 cm. If the sum of dxi and dxo is 

greater than the eye near point distance of 25 cm, the user will be able to see a sharp image of his 

or her eye when looking directly at the 2-way mirror. Equation (2.6) computes the absolute 

distance from the eye to the 2-way mirror, dx.  

dx = dxo − h2 (2.6) 

On the other hand, the camera placement does not require any mathematical computation 

because the camera internal autofocusing system can accommodate and focus onto the eye 

through the 2-way mirror as it is optically clear and shorten the camera focal distance, enabling 

the camera to focus onto the object at a closer distance than without the 2-way mirror. Thus, the 

camera is placed as close to the 2-way mirror back vertex as possible on the eye optical axis.  

To generate a slit using the Köhler Principle of Illumination, a minimum of two optical 

elements is required: a collector lens (K) and an objective lens (O). As explained, the purpose of 

the collector lens is to refract the light rays passing through the slit aperture as a defocused beam 

by focusing the scattered light rays generated from the light source to form an image of the light 

source at the objective lens. The purpose of the objective lens is to focus the image of a 

homogenous slit beam at the slit aperture onto the patient's eye, as illustrated in Figure 2.2.  

To determine the optimal locations on the eye optical axis to place the objective lens, O, 

the slit aperture, A, the collector lens, K, and the light source, L, the distance of each component 
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associated with the eye must be computationally determined to maintain optical precision of the 

slit. The slit beam is deflected by the mirror onto the eye, as illustrated in Figure 2.8.a, where the 

yellow-ray highlighted indicates the light source traveling the path to the eye, and the (red) 

dashed line reveals the image formation path of the slit aperture on the eye.  

 

As shown in Figure 2.9, the closest element to the eye is the objective lens (O), and the 

distance from the eye to the O lens, soi, is calculated using equation (2.7), which is the sum of 

distance s1oi and s2oi.  

𝑠𝑜𝑖 = 𝑠1𝑜𝑖 + 𝑠2𝑜𝑖 (2.7) 

The relationship between these two distances to the overall system of the self-imaging slit lamp 

is illustrated in Figure 2.8.b, where s2oi is the distance from the O lens to the deflecting point of 

the mirror, and s1oi is the distance from the deflecting point of the mirror to the cornea of the eye. 

The s2oi and dy parameters are physical distances obtained from the CAD model (3D rendering) 

of the self-imaging slit lamp device because the 2-way mirror, the deflecting mirror, and the O 

Figure 2.8: Diagram of the self-imaging unit optical configuration. a) Diagram illustrating the 

overall four optical paths interacting with the eye: yellow path is the light source path, red 

outline path is the path of slit imaging path, and the blue path is camera imaging path. The slit 

beam is deflected onto the eye, be the slit deflecting mirror. b) Optical diagram defining the 

parameters and optical distance that the slit beam needed to travel to reach the eye, which is 

indicated by a red line. 
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lens are placed as close as possible to each other to minimize the overall device footprint. The 

slit deflecting mirror is a thin square mirror with the diagonal dimension equals to the diameter 

of the O lens. Given dx from equation (2.6) and distance dy, the slit deflecting angle at the eye, δ, 

can be computed with equation (2.8) in the unit of radians. Then, length s1oi is determined using 

equation (2.9).  

 

After determining the slit image distance soi, from equation (2.7),  the objective lens is 

placed soi away from the eye, as shown in the figure. 2.9. The next step is to determine the 

distance that the slit aperture (A) needs to be apart from the O lens, doo, so that the image of the 

slit aperture is sharply projected onto the cornea at the location (S). As shown in Figure 2.9, the 

slit aperture (A) is considered to be the object in this optical setup.  Using the same thick lens 

𝛿 = tan−1(
𝑑𝑦

𝑑𝑥
) (2.8) 

𝑠1𝑜𝑖 =
sin−1(𝛿)

𝑑𝑥
 (2.9) 

Figure 2.9: Optical diagram of projecting an image of the slit onto the eye’s cornea. soi is the 

image distance from the back-principal plane (H2), where ho2 is the distance from the back-

principal plane to the back-vertex point. Vertex point is the intersection point of the principal 

axis and the center of curvature of the lens. ho1 is the distance from the front-principal plane 

(H1) to the front-vertex point. soo is the object distance form H1. fo is the focal point of the 

objective lens. doo is the distance from the back-vertex to the object.  



38 

 

equations as previously discussed, the effective focal length of O lens, fo, is computed with 

equation (2.1). The front-principal distance, ho1, is calculated with equation (2.2), and the back-

principal distance, ho2, is calculated with equation (2.3). The object distance, soo, is calculated 

from equation (2.10), which is derived from the Gaussian lens equation (2.4). Finally, the 

distance from the O lens to the slit aperture, doo, is computed using equation (2.11).  

soo =
fo ∗ soi

soi − fo
 (2.10) 

doo = soo− ho1 (2.11) 

 

Furthermore, to project the image of the light source, L, at the objective lens, O, as shown 

in Figure 2.10, the same three thick lens equations are used to find the effective focal length, fk, 

and the two principal distances of the, K, collector lens: hk1, and hk2. Given distance ho1 and doo 

from the previous computation, the image distance, ski, is determined using equation (2.12), 

where sw is the thickness of the slit A, and g is the gap distance between the slit A and the lens K.  

ski = ho1+ doo + sw + g (2.12) 

Figure 2.10: Optical diagram defining parameters and the path for light source image 

formation at the objective lens O, with the goal of generating defocused light rays at the slit 

aperture, A. 
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The gap distance, g, is a physical distance obtained from the CAD model of the self-imaging slit 

lamp, as it must be as small as possible to obtain a defocused beam passing through the slit A. 

With ski determined, the light source object distance, sko, can be calculated with equation (2.13), 

and the absolute distance from the K lens to the light source (L) is given by equation (2.14), as 

illustrated in Figure 2.10. 

sko =
fk ∗ ski

ski − fk
 (2.13) 

dlo = sko− hk1 (2.14) 

 

Lastly, the deflecting angle of the mirror, γ, in Figure 2.12, is determined using the law of 

reflection (Figure 2.11). As light rays strike the mirror, the law states that the angle of the 

incident light ray from the normal axis is equal to the angle of the reflected ray to the normal 

axis. The normal axis is defined as an imaginary axis that is perpendicular to the mirror reflected 

surface [18].   Using this principle, the deflection angle of the mirror, γ, can be determined given 

the desirable slit deflecting angle, δ. As shown in Figure 2.12, the incident ray is coming from 

Figure 2.11: Law of reflection diagram, where i is the angle of incident ray from the normal 

axis, and the r is the angle of reflected ray from the normal axis. The angle of the incident ray 

is equaled to the angel of reflected ray off the mirror reflecting surface. 
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the objective lens (O), and the reflected ray is exited toward the eye. As the angle δ is part of the 

reflected angle (r), the incident angle (i) is calculated with equation (2.15), using the law of 

reflection. The sum of δ and 90° is equal to the sum of the reflected angle (r) and the incident 

angle (i). Consequently, angle i is equal to half of the sum based on the law of reflection. From 

here, the deflection angle of the mirror can be determined with equation (2.16).  

i =
δ+90°

2
 (2.15) 

γ = 90° − i (2.16) 

 

2.6 Fabrication of Self-Imaging Slit Lamp Smartphone Adaptor  

2.6.1 Design Overview  

One of the essential criteria for this self-imaging slit lamp smartphone adaptor is the 

compact form factor of the device.  The device must fit inside a standard size pocket as it must 

be portable and easy to access by the user. As illustrated in Figure 2.13, the self-imaging slit 

Figure 2.12: Diagram defining the slit deflection angle of the mirror, where i is the incident 

angle of the slit from the normal axis (dashed line), γ is the deflection angle of the mirror, and 

δ is the deflection angle of the slit beam to the eye.  
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lamp smartphone adaptor is divided into two main units: the slit lamp unit “a” and the 

smartphone aligning case unit “b”. The slit lamp unit “a” houses the majority of the optical 

elements for generating the slit and the self-imaging feature, as discussed in the previous section. 

Moreover, it houses the electrical components responsible for regulating and powering the slit 

light source in a safe manner. The slit lamp unit is designed to be easily attached or removed 

from the smartphone aligning case via a built-in magnetic attachment mechanism. The magnetic 

mechanism enables the slit lamp unit to auto-align. It attaches to the smartphone unit at a specific 

position to align the smartphone camera with the principle axis of the 2-way mirror with no 

manual alignment needed to capture in-focus slit images.  

 

On the other hand, the smartphone aligning case houses the smartphone with a built-in 

high-resolution camera and a magnetic attachment mechanism for alignment purposes. The 

smartphone is used to photograph slit images. Furthermore, it is a data storage and transfer center 

connected with a cloud storage service, where all the slit images will be uploaded for the 

physician to evaluate them remotely. Lastly, it is used as a wireless communication device, 

Figure 2.13: Diagram of the self-imaging slit lamp smartphone adaptor with the slit lamp unit 

(a), and the smartphone aligning case (b). 
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where the ophthalmologist can speak with the patient via a phone call or video chat services. In 

short, the self-imaging slit lamp smartphone adaptor is designed to be a portable and affordable 

slit lamp for at-home self-examination. More importantly, with minimum instruction, anyone 

should be able to pick up the device and start capturing sharp slit images of the eye.  

2.6.2 Light Source

 

An important characteristic of a slit lamp light source is the color temperature of the light. 

As explained in Section 2.3, ophthalmologists prefer the color temperature of the slit to be about 

3000 K, as this is the color temperature of a typical halogen light bulb. Before the widespread 

adoption of LED (Light Emitting Diode), most slit lamps were built with halogen or 

incandescent light bulbs as the illumination source. So, ophthalmologists have developed 

standards and are trained to diagnose eye complications using this warm white light color.  One 

potential light source for the self-imaging slit lamp smartphone adaptor is the standard size 5 mm 

LED, and Figure 2.14 shows a comparison of the chosen LED with a conventional halogen slit 

Figure 2.14: Comparison between conventional incandescent slit lamp light bulb with a super 

bright 5mm light-emitting diode [3]. 
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lamp bulb. The LED has the desired color temperature of 3000 K. As shown in the Kelvin color 

temperature chart (Figure 2.15), a 3000 K LED is comparable to a 2800 K incandescent bulb. 

Even though the conventional bulb is a much brighter illumination source, the 5 mm LED needs 

significantly less power to be lighted, produces less heat, and has a smaller footprint. Also, the 

5 mm LED is very inexpensive in comparison to an incandescent bulb.  

 

However, after comparing the light output from the 5 mm LED with light from a 

conventional slit lamp, the 5 mm LED was determined to be unsuitable for this application. The 

LED outputs the desirable warm white light color, and, best of all, LED did not need any thermal 

management system as it does not generate much heat as a byproduct. However, this light source 

is not bright enough for slit imaging. Therefore, the light source of the slit lamp unit must 

Figure 2.15: Kelvin color temperature scale chart [34]. 
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generate a much higher intensity with the color temperature characteristic of a halogen light 

bulb, and it must have a small form factor as it still needs to fit in a compact housing. 

With a high intensity LED, another crucial requirement is that the LED operating 

temperature must be manageable with a small thermal dissipation system.  After researching and 

testing numerous LEDs, the Cree Xlamp high intensity LED (XPL-HI-U4-3000K), as shown in 

Figure 2.16, meets all the listed requirements and was selected to replace the 5 mm LED as the 

light source. Looking at the specifications in Table 2.1, the Cree LED is a small surface-mount 

device (SMD) LED with the maximum luminous intensity matching the conventional 

incandescent light bulb in Figure 2.14, at 360 lumens (lm). The LED needs to be mounted onto a 

sinkpad metal core printed circuit board (MCPCB) so that it can be connected with wires to 

power (Figure 2.16.c). In addition to acting as a connection pad for the LED, the MCPCB acts as 

a heat sink and redirects the heat generated by the LED away from it.  An additional heat sink 

can be added to the MCPCB to improve the thermal management system to regular the junction 

temperature of the LED.  

 

Figure 2.16: Diagram of the Cree Xlamp high intensity LED mounted onto a Sinkpad 

MCPCB, where a) the bare SMD LED (XPL-HI-U4-3000K), b) the metal core printed circuit 

board MCPCB (SNKPD-XP10-MCPCB), and c) LED reflowed to the MCPCB with wires 

connected for power input [9]. 
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The typical operating voltage is 2.95V at 1.05A, with the junction temperature at 85°C, 

which is manageable for a compact device. With the MCPCB added, the overall dimension of 

the LED of 10 mm in diameter is still small enough to fit into a compact slit lamp. Moreover, the 

LED outputs the desirable 3000K color temperature with a high color rendering index (CRI) of 

80+, and the cost per unit of LED with the MCPCB is about $7.00. Since the LED is a diode, it is 

a non-linear device. As is evidenced in Figure 2.17, the plot shows that the forward voltage has 

an exponential relationship with the forward current, i.e., a small incremental increase in voltage 

results in a sizeable current uptake. Consequently, the LED needs to be controlled by current 

rather than voltage, since a high input current will significantly heat-up the LED and destroy it in 

a short period. So, a power regulator is needed to control the current flow into the Cree LED.  

Table 2.1: Technical specifications of the Cree Xlamp high intensity LED (XPL-HI-U4-

3000K), and the Sinkpad MCPCB (SNKPD-XP10-MCPCB). 
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2.6.3 Optical Configuration and Calibration Experiment 

As previously discussed in Section 2.3, the two lenses needed to generate a clean slit 

according to the Köhler Principle of Illumination are the collector lens (K) and the objective lens 

(O). The main criteria for lens selection are suitability, optical quality, and size. Based on the 

calculation for the ideal projected slit distance, a series of plano-convex and aspheric condenser 

lenses with variable focal length, ranging from 8 mm to 20 mm, were selected as potential lenses 

for the slit lamp optical system. These lenses are highly efficient for illumination applications; 

especially, they are ideal for collimating light and projecting light sources.  Also, the lenses are 

fabricated from optical grade glass to minimum aberration. To determine which combination of 

lenses outputs the sharpest slit beam with the shortest overall system length, a cage system, as 

shown in Figure 2.18, was created to test the quality of the slit from each optics configuration. 

The cage system allows quick access and replacement of lenses at the objective (O) and the 

collector lens (K) locations.  

Figure 2.17: LED exponential relationship between forward voltage and forward current [9]. 
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Since every element is connected via the two smooth cage rods, the system allows precise 

incremental adjustment of the lens’s position because each of the cage plates, containing the 

optical element, can easily slide back and forward on the rod to get to the optimal place. The 

cage system has the same slit lamp setup, as in Figure 2.2. Each slit optic configuration is 

calculated using the “thick” optics equations from Section 2.5, before testing them on the cage 

system. The theoretical separation distances often do not result in the output of the focus slit 

beam in the cage system. Small adjustments of the separation spacings are required to achieve an 

ideal beam.  The main criteria to consider for a lens combination to be used in the self-imaging 

slit lamp is that a configuration must output a narrow profile (1 mm in width) and a sharp beam 

at the desired soi distance (50 mm). Table 2.2 shows the best combinations, along with the 

experimentally determined separation distances. The sum of doo and dlo distances have the most 

significant effect on the overall system length since the other spacing values are constant. 

Configuration number four in the table appears to have the shortest total system length. 

Therefore, along with the new Cree LED light source and the slit aperture, the slit lamp optical 

system utilizes the combination of an 8 mm focal length aspheric condenser lens K 

Figure 2.18: Lens selection experiment cage system for the optical slit system of the self-

imaging slit lamp. 
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(ACL12708U) and a 15 mm focal length plano-convex lens (LA1540-A) as the collector lens 

and objective lens respectively. 

 

 

A benchmark comparison is needed to ensure that the slit generated from the optics setup 

is as sharp as the slit coming from a conventional benchtop slit lamp. To do this, the slit system 

of the self-imaging slit lamp smartphone adaptor is transferred from the cage system into the 

Table 2.2: Resulting data from the lens selection experiment, showing the configurations 

that generated a narrow and sharp slit lamp at the ideal soi distance. 

Figure 2.19: Comparison between the conventional benchtop slit lamp and the self-imaging 

slit lamp optical system. a) setup of the optical system at the correct projected distance to the 

subject eye, b) process of capturing the slit imaging using a smartphone attachment to the 

conventional slit lamp eyepiece, and c) slit image showing two slit beams with comparable 

quality, one generated by the self-imaging slit lamp system and the other generated by the 

benchtop slit lamp. 
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12.7 mm diameter stackable lens tubes to keep it in a compact form factor for easy manipulation.  

Figure 2.19.a reveals the setup for the comparison experiment, where the self-imaging slit lamp 

lens tube system is attached to a benchtop slit lamp. To be more precise, it is fixed next to the slit 

generating arm of the slit lamp, so the two systems would have the same slit projection distance, 

soi. The conventional slit lamp is then calibrated to focus the outputting slit beam at the soi 

distance to the subject eye, as shown in Figure 2.19.b. A smartphone, attached to one of the slit 

lamp eyepieces, captures slit images with two slit beams projected onto the cornea of the test 

subject. As shown in Figure 2.19.c, the resulting slit image reveals that the two slits are 

indistinguishable, which means the optical system of the self-imaging slit lamp smartphone 

adaptor produces a comparable quality slit beam as the conventional system in terms of both 

brightness and sharpness.   

 

The design of the self-imaging slit lamp smartphone adaptor must be as compact as 

possible and cost-effective. Using the lens tube to house the optical slit system is very expensive 

in terms of manufacturing cost since every lens tube system requires an optics specialist to build 

Figure 2.20: Illustration of the CAD model for the 3D printed optical slit casing. 
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and calibrate the optics manually. On the other hand, integrating the optics housing into the main 

3D printed casing of the slit lamp unit would eliminate the need for manual calibration, since the 

placement of every optical element is fixed. However, as the optics placements need to be very 

precise, the casing needs to be printed at maximum resolution, which would significantly 

increase the printing time and cost. Thus, 3D printing the integrated housing is not a cost-

effective manufacturing method. One way to resolve this issue is decoupling the optics housing 

from the main housing.  

As shown in Figure 2.20, a 3D printed optical slit lamp casing is designed to house only 

the slit generating elements. The case features anchoring placements for the objective lens, slit 

aperture, collector lens, and the Cree LED with a sizeable copper heat sink. As a 3D printing 

part, this case would eliminate the need to build and calibrate the optical system manually. 

Additionally, it would significantly reduce the printing time and cost because the only part that 

needs to be printed at maximum resolution is this optical casing, not the entire slit lamp unit 

housing.  

 

Figure 2.21: Characterization of the slit beam output from the 3D printed optical slit case, 

where the slit projected distance is 70 mm.  
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 The optical slit case was printed using the Form 2 SLA printer and assembled, as shown 

in Figure 2.21. The element separation distances in the 3D printed case are based on the 

configuration number four in Table 2.2, where the slit projected length, soi, is 50 mm. However, 

Figure 2.21 reveals that the slit distance of the casing is 70 mm. The disparity between the value 

from the experimental setup, 50 mm, and the value obtained from the case is most likely due to 

the thick lens property of the lenses used in the system. Additionally, measurement error in the 

lens selection experiment may contribute to this disparity.  

An experiment was conducted to investigate this problem. A series of four optical slit 

cases with each having a different object distance, ranging from 14 mm to 18 mm, was used to 

collect the image distance of optical housing, as illustrated in Figure 2.22.  The object distance, 

doo, is the length between the slit aperture and the objective lens, as shown in Figure 2.18, and 

the image distance, soi, is the length between the objective lens to the location where the slit 

beam is in sharp focus. Each case is assembled with the same optical elements, and the slit beam 

generated from each case is focused onto a perpendicular white platform, where the image 

distance is measured with a ruler (Figure 2.22). At the end of this experiment, four sets of data 

points were collected to characterize the relationship between doo and soi.  The plot in Figure 2.23 

reveals the relationship between image distance and object distance. In particular, it shows the 

disparity between the theoretical relationship (red curve) and the experimentally determined 

relationship (blue curve) of the two parameters. 
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Figure 2.22: Calibration experiment for the optical slit casing. The experiment aims to 

collect four data points to characterize the relationship between object distance (slit aperture 

to the objective lens) and the image distance (objective lens to the location of the focused slit 

beam).  
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The governing equation (2.17) for the theoretical curve in Figure 2.23 is derived from the 

Gaussian lens equation (2.4). The theoretical data points (red stars in Figure 2.23) indicate the 

theoretical image distances at the same five data points of object distance in the calibration 

experiment. The theoretical curve reveals an exponential decay relationship between the object 

distance (doo) and the image distance (soi) of the projected slit, where soi exponentially decreases 

as the length doo increases.  

soi =
fo ∗ soo

soo − fo
  

soi =
fo ∗ (doo + ho1)

(doo + ho1) − fo
  

y =
15 ∗ (x + 3.3)

(x + 3.3) − 15
  

y =
15x + 49.5

x − 11.7
 (2.17) 

Figure 2.23: Plot of experimental data and (cubic and exponential fit) approximating functions, 

in comparison with the theoretical curve of projected slit (image) distance.  
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The experimental data points (blue rings) collected form the calibration experiment reveals a 

similar exponential decay; however, we observe that the experimental length soi is not the same 

as the theoretical value soi, for the same doo.  This disparity creates a reliability issue when 

adjustment of the length soi is needed because the change of the length doo does not yield the 

expected change of the length soi. Therefore, a best approximation function of the experiment 

data points would allow for an actual representation of the relationship between doo and soi 

length. Since the theoretical curve is an exponential function, finding the best approximation via 

the exponential least square curve fitting method appears like the most reasonable approach.  The 

exponential fit function, as shown in Figure 2.23, is determined by linearizing the exponential 

function and finding the minimum least square error of the experimental data points. 

Furthermore, another best approximation function was defined using a third-order 

polynomial (cubic) least square curve fit. By visual inspection of the graph, the cubic fit curve 

appears to be a better curve fit to the experimental data than the exponential fit, for an object 

distance x is between 14 mm to 18 mm. However, the root-mean-square error (RMS) of the 

exponential fit (50.2) is smaller than the RMS of the cubic fit (53.9). The RMS value is a 

measurement of how close the predicted data points to the experimental data points, where the 

smaller the RMS value, the better the fitting is. Outside of this boundary condition, 14 ≤ x ≤ 18, 

the exponential fit approximation is the better representation of the data because of its 

exponential characteristic.  

To evaluate the accuracy of the approximation equation, the image distance (soi) of an 

optical slit case with the object distance (doo) of 15.5 mm was measured in a setup similar to the 

calibration experiment. The resulting length soi, in Figure 2.24, is 55 mm, which is very close to 

the length soi obtained from the cubit fit function (54.4 mm) in Figure 2.23. Therefore, the cubic 
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approximation is accurate enough to be used for image distance adjustment, provided that the 

object distance falls within the boundary condition as mentioned before.

 

2.6.4 Slit Aperture and Ambient Illumination 

 

The primary purpose of the slit aperture is to form a sharp and narrow rectangular slit of 

light from a defocused light ray, as described in Figure 2.2. The length of the slit beam must be 

about the diameter of the cornea, and the width of the slit is approximately 1 mm, as this is the 

moderate setting in a conventional slit lamp to diagnose many pathologies related to the anterior 

segment [13]. The critical dimension of the slit is the width of the slit beam.  A conventional slit 

Figure 2.24: Determine the projected slit beam (image) distance of an optical slit case with 

the slit aperture to an objective lens (object) distance at 15.5 mm.   

Figure 2.25: Image of the slit aperture from a conventional slit lamp biomicroscope. 
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lamp biomicroscope, similar to that shown in Figure 1.7, was disassembled to explore the slit 

aperture, as shown in Figure 2.25. Upon close inspection, we observe that the standard slit 

aperture is composed of two rectangular metal pieces with beveled edges facing toward the 

collector lens. The length of the slit aperture is fixed, and the width is varying from 0 mm to 15 

mm. The slit lamp allows the width of the slit beam to be adjustable by the operator.  The slit 

aperture of the device must have a fixed width because the mechanism for adjusting the slit 

width is too complicated and bulky for a portable device. Since the width of the slit beam must 

be appropriately 1 mm, the fixed width of the slit aperture must be less than 1 mm because the 

projected slit beam is a magnified image of the slit aperture.  

During a traditional slit-lamp examination, the lighting of the room, where a trained 

operator is conducting the exam, is dimmed to allow an optimal ambient lighting environment to 

obtain optimal slit images. Since the self-imaging slit lamp smartphone adaptor is designed to be 

used in any situation where controlling the ambient lighting may not be possible. The control of 

the ambient lighting environment is critical to obtain a slit image of high quality. As shown in 

Figure 2.26.a, a dark ambient lighting condition will lead to low image quality because the slit 

beam becomes the only illumination source. So, there is not enough light entering the camera to 

allow for a properly focused and exposed slit image to be captured. 

  On the other hand, a bright ambient lighting environment will lead to overexposed 

image quality as the ambient light washed out the slit beam, causing a loss of detail in the 

captured image, as shown in Figure 2.26.b. The ophthalmologist cannot reliably diagnose the eye 

condition with an overexposed slit image.  The optimal ambient lighting is in between, where 

there is enough ambient lighting to allow the camera to adequately capture the slit image but not 
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enough light to wash out all the detailed features (Figure 1.8.b). For these reasons, the slit 

aperture is designed to output an improved slit beam and provide artificial ambient illumination.   

 

As shown in Figure 2.27.a, the slit aperture is composed of three separate pieces, with an 

overall dimension of 12.7 mm. So, it can be tested using the same optical setup with minimum 

adjustment. Since the width of the slit cutout on the aperture is 100 μm, the traditional 

subtractive manufacturing methods such as laser cutting, router CNC, and injection molding are 

too expensive to be a viable method to produce this part at the prototyping stage.  

 

Figure 2.26: Comparison of slit images captured under different ambient lighting 

environment. a) slit image captured in dark ambient lighting, where the slit beam is the only 

light source for the camera, and b) slit image captured in bright ambient lighting 

environment. 

Figure 2.27: A 3D printed slit aperture that enabling the output of sharp slit beam and 

ambient illumination, where a) the CAD model of a three parts slit aperture with the width of 

the slit cutout at 100 μm, b) photograph of an SLA 3D printed slit aperture in a stackable lens 

tube, and c) demonstration of the projected slit beam along with the ambient illumination.   
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 Therefore, the aperture is manufactured using a Form 2 3D printer. The printing method 

uses a photopolymer resin-based additive manufacturing technique, where the part is formed by 

selectively curing the resin layer by layer. The slit aperture shown in Figure 2.27.a was reliably 

printed with the Form 2 printer with a high definition up to 25 μm of resolution [33]. Figure 

2.27.b shows the 3D printed slit aperture, which is housed in a stackable lens tube, and Figure 

2.27.c shows the generated slit beam along with the circular ambient light. To generate ambient 

light, the slit aperture was printed using Formlabs grey resin (FLGPGR04), which gives the 

finished printed aperture a matte surface with the opaque property. 

 Light can pass through the optically cleared rectangular cutout on the aperture to form a 

slit beam. Additionally, the semi-transparent slit aperture allows some light to pass through the 

material of the aperture, giving us ambient light. As the defocused beam of light hits the 

aperture, the light exiting the rectangular slit cutout maintains full brightness. The light that hits 

the semi-transparent grey material of the aperture loses some of its intensity and exit the circular 

aperture as a low-intensity ambient light, which helps illuminate the eye (Figure 2.27.c). 

The slit aperture design in Figure 2.27 generates the slit beam with a narrow width and 

outputs the circular ambient lighting as intended. However, a small amount of light distortion 

around the edges of the beam is still present. The updated slit aperture design aims to eliminate 

the light distortion around the border of the slit beam. To that end, an adjustable optical cage 

system was constructed using the same optical elements. As illustrated in Figure 2.28, each 

optical element is secured inside a cage plate, and the cage plates are aligned concentrically by 

the four steel cage rods. The cage system allows fine adjustment of the separation spacing 

between each optic by sliding the cage plate along the cage rods while maintaining the 
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alignment. The separation spacing between each element is carefully measured to match with the 

separation distances in the optical system, as shown in Figure 2.28.b.  

 

 

The new design of the slit aperture takes inspiration from the slit aperture in the 

conventional benchtop slit lamp (Figure 2.25), where the two adjustable metal pieces of the 

aperture have a symmetric beveled edge of approximately 30°. The beveled edges minimize 

incoming light rays from bouncing off the sidewall of the aperture and create light distortion 

Figure 2.28: Adjustable slit optical cage system with the same optics and separation distances 

of the self-imaging slit lamp optics system, (a), and the separation spacing between each 

element is carefully measured to ensure accuracy, (b). 

cage rod 

cage plate 

Figure 2.29: Improved slit aperture design, featuring a 30° symmetric beveled edge to 

minimum light distortion on the edges for output slit beam: a) improved slit aperture with two 

parts, b) assembly of slit lamp with similar dimension as the previous slit design, c) the 3D 

printed slit aperture with support structure using the Form 2 SLA printer at the highest 

resolution (25 μm), and d) ready-to-use slit aperture after post-processing.  
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around the edges of the rectangular beam.  Figure 2.29 reveals the improved design of the slit 

aperture. The overall dimensions remain the same as those in the previous version. On the other 

hand, the new aperture features a 30° symmetric beveled edge on each side of the narrow 

rectangular opening. To minimize the post-processing time to get the printed aperture to usable 

condition and improve the 3D printing success rate of it, the number of parts was simplified from 

three to two parts. As shown in Figure 2.29, the printed parts need support structures (c) during 

the 3D printing, and those structures must be removed. Also, the pieces need to be polished to 

remove any remaining printing artifacts. This process may take several hours to complete. The 

smaller part of the aperture often has geometric deformations around the region with support 

structures (d).  These deformations often render the part unusable.  With one part less, the 

number of failed parts and cleaning times were dramatically reduced.  

 

Figure 2.30: Comparison of slit beam output from old slit aperture without beveled edges (a) 

and updated slit aperture with symmetric beveled edges (b).  
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To gauge the performance of the new aperture in comparison with the older design, as 

shown in Figure 2.30, the previous aperture design, without the beveled edge, was inserted into 

an optical cage system, and the generated slit beam is captured (a). The same process is repeated 

to obtain the slit beam generated from the new aperture with beveled edge design (b). The output 

slit from the non-beveled edge shows significant light distortion around the edges of the beam. In 

contrast, the slit beam from the aperture with beveled edges has no distortion. In short, the new 

slit aperture is a suitable component in the slit optics system with the Cree LED as the light 

source.  

2.6.5 Electrical Circuits 

The electrical circuit of the self-imaging slit lamp smartphone adaptor is a bit complex 

since the high-intensity Cree LED requires a sophisticated power regulator rather than a current 

limiting resistor. Additionally, a microcontroller (ATtiny45 IC) and associated components are 

added to enable programmable control of the Cree LED. The circuit board in Figure 2.31 aims to 

provide stable power to Cree LED and allows the slit lamp unit to turn on with a push of a (slit) 

button. Then, the slit lamp unit would turn itself off after a specified duration of “on” state.  

 
Figure 2.31: Soldered circuit board of the self-imaging slit lamp smartphone adaptor.  
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Figure 2.32 reveals the details of the circuit. The PowerBoost (2465) is the power supply 

board that powers all electrical components, including the Cree LED, and acts as a LiPo battery 

charging board at the same time. The On/Off switch is an SPST slider switch that controls the 

“on/off” state of the PowerBoost. By extension, the switch controls the “on/off” state of the 

entire circuit. The ATtiny45 IC is a programable microcontroller that reads the user input from 

the slit button and controls the “on/off” state of the N-MOSFET, which a digital switch that 

regulars current flow to the Cree LED.  Additionally, the LED indicator is connected to the 

PowerBoost to indicate the “on/off” status of the circuit. Lastly, the pull-down resistors are there 

to prevent the flow logic state.  

 
Figure 2.32: Electrical schematic of the self-imaging slit lamp smartphone adaptor.  
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2.6.6 Programming Logic  

The self-imaging slit lamp smartphone adaptor is programed using Arduino C/C++ 

programming language. As shown in Figure 2.33, the flowchart outlines the programming logic 

of the device. When the on/off switch is at the “on” state, where the device is fully powered, the 

slit lamp is in standby mode. In this mode, the program sets the gate pin of the N-MOSFET to a 

low state, which ensures the Cree LED is off. Then, the program reads the button state of the slit 

pushbutton. If the user presses the slit button, then the button state would be in the high state; 

otherwise, it is in a low state. If the state is low, then the program returns to the top of the 

flowchart. 

 
Figure 2.33: The programming flowchart of the self-imaging slit lamp smartphone adaptor. 
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Conversely, the slit lamp unit is in active mode when the button state is high, where the 

gate pin of the N-MOSFET is set to high to turn on the Cree LED. After waiting for 20 seconds, 

the program turns off the slit lamp light source by returning to the top of the flowchart, putting 

the slit lamp unit back to standby mode. In short, the user only needs to press the slit button to 

activate the slit light, and the user does not need to worry about turning off the slit lamp unit as 

the device will turn itself off after the designated wait time is over.  

2.6.7 Housing Design and Attachment Mechanism Using 3D Printing 

 

The housing of the self-imaging slit lamp smartphone adaptor is designed to be portable. 

The device has two central units: the slit lamp unit and the smartphone aligning case (Figure 

2.34). To accommodate the improved electronics and optics, the dimension of the slit lamp unit 

has similar to the size of the smartphone aligning case. The front of the unit features a master 

Figure 2.34: The completely assembled self-imaging slit lamp smartphone device, consisting 

of a smartphone aligning case, and a slit lamp unit. 



65 

 

on/off slider switch, and, right beneath the switch is the slit button. The last element is an on/off 

indicating LED. Moreover, the smartphone aligning case is a standard smartphone case that 

features four embedded neodymium magnetic discs, located at the four corners of the case. The 

magnetic discs attract to the four similar magnetic discs inside the slit lamp unit, which are 

situated in the same four corners. The magnetic force is strong enough to keep the slit lamp unit 

attach to the aligning case. Also, the polarity of each magnet is alternating to ensure that the two 

units can only come together in one orientation, where the camera of the smartphone is 

concentric with the 2-way mirror.  

 

 As illustrated in Figure 2.35, the design of the housing followed a compact design rule. 

The device has to deal with the heat generated from the Cree LED. The front of the slit lamp unit 

features a rectangular opening at the vent area of the optical slit case, which will enable the heat 

to escape the housing better.  Also, internally, all circuit boards are suspended in the air via 

Figure 2.35: CAD model of the self-imaging slit lamp smartphone adaptor: slit lamp unit and 

smartphone aligning case. 
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anchoring points at the corners of the board. This feature will prevent heat radiate from electrical 

components to melt to the polymer-based housing.  

Using the same method of additive manufacturing as for the slit aperture, one can print 

the entire housing using the Form SLA 3D printer (Figure 2.36). As previously discussed in 

section 2.6.4, additive manufacturing is a very cost-effective method for manufacturing 

prototype devices, and, in particular, the SLA printing method is the best 3D printing technique 

for this device because the resulting print retains fine details, and, as the layer height can be as 

low as 25 μm, the part has smooth finish surface texture similar part manufacture using injection 

molding method. The printing process involves importing the CAD model of the housing 

components, as stereolithography (STL) file format, into the Formlab slicer software called 

PreForm, which prepares the model for 3D printing [33]. 

 

The PreForm program orients the part for optimal printing position, adds support 

structure to the component geometry, generates a stack of cross-section images of the part, and, 

Figure 2.36: Formlabs Form 2 SLA 3D printer, showing the printing overview of the housing.  
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finally, send the stack of images to the Form 2 printer for printing. Since the printer generates the 

geometry of the part layer by layer, the UV laser inside the printer traces a cross-section image of 

the part onto the bottom of the resin tank. The UV laser solidifies the UV sensitive photopolymer 

resin into a thin layer of polymer in the shape of the cross-section image. The first solidified 

layer adheres to the build plate, and the subsequent layer sticks onto the previous layer. The 

layer-by-layer printing process repeats until the part is completely printed. After a part is 3D 

printed, the parts must be washed in isopropyl alcohol to remove uncured resin and exposed 

again to under UV light for a short time to cure and stiffen the parts to increase their durability. 

Lastly, the support structures are manually removed and polished to smooth out any support 

structure artifacts. 

2.6.8 Quality Assurance and Testing Result  

 

To assess the performance of the self-imaging slit lamp smartphone adaptor, a self-

imaging slit lamp exam is conducted using the device and a Samsung S8 smartphone, as 

illustrated in Figure 2.37. The device has the same “ease of use” level as the first version, where 

the user simply looks into the 2-way mirror and adjust the device until the image of the user's eye 

Figure 2.37: Demonstration of the self-imaging slit lamp smartphone adaptor, along with the 

slit images of the left and right eye.  
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is in focus. Then, the user can capture sharply focused slit images by pressing on the volume 

button of the smartphone. Lastly, the device turns itself automatically off. In Figure 2.37, typical 

slit images are shown. The slit is sharply focused on the cornea of the subject. In the slit image of 

the left eye, the crystalline lens is clearly visible in the center of the slit.  

With the quality of the self-imaging slit lamp smartphone adaptor confirmed, the unit was 

sent to NIIOS (Netherland Institute of Innovative Ocular Surgery) for a clinical trial with Dr. 

Melles, a prominent ophthalmologist. A selected group of patients at the clinic would perform 

slit lamp self-examinations in the presence of an ophthalmologist at the clinic. The resulting slit 

images and their feedback are collected for evaluation.  The resulting feedback was positive 

regarding the user-friendliness and slit image quality. Also, the feedback suggested areas where 

the device can be further improved to streamline the self-imaging process. A complete slit lamp 

exam requires the acquisition of a number of slit images, illustrating a full sweep of the slit beam 

from one side of the eye to the other side.  To position the slit beam at different locations of the 

cornea, the user must orient the device at a slightly different angle to shift the beam position. 

This process of turning the device is difficult for a patient to perform, especially for elderly 

patients. An improved device is desirable to solve this problem. We will describe an improved 

device that allows for the improved acquisition of slit images in the next section using auto-

sweep. 

2.7 Fabrication of Auto Sweeping Self-Imaging Slit Lamp Goggle 

2.7.1 Device Overview 

With the completion of the clinical test for the self-imaging slit lamp smartphone adaptor, 

a new device was needed to improve self-imaging.  The goal of the new portable slit lamp was to 
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shift the position of the projected slit beam during the examination. The proposed design, as 

illustrated in Figure 2.38, features a rotating mirror in place of the stationary deflecting mirror in 

the self-imaging slit lamp smartphone adaptor.  The rotating mirror rotates and deflects the slit 

beam from one side of the eye to the other side, creating a sweeping effect to allow for a full 

examination of the anterior segment. Both the slit lamp unit and the smartphone are housed 

inside a VR goggle shape casing, which increases the device’s ease of use as the user does not 

need to continually make small adjustments to align the examining eye with the device. With a 

goggle form factor, the user can simply put on the goggle and firmly hold the device to perform 

the self-imaging slit lamp screening. Additionally, the goggle features a fixation point on the 

other eye.  By focusing on the fixation point, the user would not be distracted by the bright slit 

beam, resulting in better slit images.  

 

Figure 2.38: The diagram of the slit lamp goggle, outlining the slit auto sweeping feature. 
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2.7.2 Auto Sweeping Optical Calculation 

As shown in Figure 2.39, the three essential parameters to determine and implement the 

auto sweeping feature are the sweep length (w), the initial angle of sweep mirror (α1), the final 

angle of sweep mirror (α2), the number of motor steps correlated with an angle α, and the sweep 

range of sweep mirror (β), which is the difference between the two sweep angles. The variable w 

defines the distance that the slit beam must cover. The calculation of the angles α1 and α2 are 

dependent on w. Also, the sweep length is based on the diameter of the cornea. The variable α1 is 

the starting point of the auto sweeping step, which is the initialization point of the motor. Lastly, 

the variable β indicates the degree needed to complete a full sweep, where the slit would have 

traveled side to side of the eye. 

 
Figure 2.39: Illustration of the auto sweeping with important parameters. 
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The diagram in Figure 2.40 illustrates the parameters for calculating the initial angle of 

the sweep mirror (α1). To project the slit beam to one side of the eye, the deflected angle of the 

beam, θ1, must be determined using equation (2.18), derived from Figure 2.40. 

𝜃1 = tan−1 (
𝑥 +

𝑤
2

𝑦
) 2.18 

Then, to convert the deflected slit angle to the sweep mirror angle, the correlation between θ1 to 

α1 utilizing the angle of the incident ray, i, in equations (2.15) and (2.16) to derive the equation 

(2.19) for α1.  

𝛼1 = 90° − (
𝜃1 + 90°

2
) 2.19 

Figure 2.40: Relationship between the angle of the sweep mirror (α1) and the angle of the 

deflected slit beam (θ1) with respect to the law of reflection normal axis.  
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As shown in Figure 2.41, the angle θ2 and the angle of the sweep mirror, α2, to project the 

slit beam to the other side of the eye can be determined using trigonometry.  θ2 is calculated 

using equation (2.20), and α2 is calculated with equation 2.18, where θ1 is substituted with θ2 

value.  

𝜃2 = tan−1 (
𝑥 −

𝑤
2

𝑦
) 2.20 

The angle β is simply the difference between α1 and α2 (2.21). The last step is converting the 

angle α1 and β from degree to a number-of-steps using equation (2.22) since a micro stepper 

motor is used to rotate the sweep mirror.  

𝛽 = 𝛼2 − 𝛼1 2.21 

Figure 2.41: Diagram of the relationship between the angle of the sweep mirror (α2) and the 

angle of the deflected slit beam (θ2) with respect to the law of reflection normal axis. 
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𝑠 = (
𝛼 ∗ 𝑠𝑡𝑒𝑝𝐶𝑜𝑢𝑛𝑡

360°
) 2.22 

This type of motor moves in the discrete steps. As such, the input parameters to control the 

motor is the number-of-steps, s, and direction of rotation. The variable “stepCount” in equation 

(2.22) refers to a motor specification that indicates the number-of-steps needs to take to complete 

a 360° rotation. An experimental setup, as shown in Figure 2.42, was constructed to ensure that 

the calculated angles of the sweep mirror, α1, and α2, are accurate. The computed angle values 

should lead to the deflected beam projected at either side of the eye.  

 

2.7.3 Electrical Circuits 

With the addition of a stepper motor, the electronic component of the slit lamp goggle is 

more complexed than the circuit of the self-imaging slit lamp smartphone adaptor because the 

circuit must accommodate two significant power drain components: Cree LED and the stepper 

motor. SR latch logic gate IC is added into the circuit to save power when the device is in 

Figure 2.42: Auto sweeping experimental setup. Using a laser pointer as the light source, 

the laser dot is projected onto the eye at angle α1 and α2 to evaluate the calculated angles. 
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standby mode. During standby mode, the SR latch chip is the only electronic part that draws 

power directly from the power source (battery).  Using a significantly small amount of energy, 

this chip keeps the entire circuit off and turns it on when the user presses the slit button, initiating 

the slit lamp examination.  As illustrated in Figure 2.43, both the Cree LED and the motor draw 

power from the PowerBoost board, which is the same power supply PCB as in the self-imaging 

slit lamp smartphone adaptor. However, a constant current regulator board is added in between 

the PowerBoost, and the Cree LED to maintain a continuous current of 700 mA flowing to the 

LED. This regulator will prevent potential current fluctuation from impacting the LED 

performance as the motor tends to draw substantial power when running. 

 

Additionally, a potentiometer dial and an N-MOSFET chip are added into the system to 

allow for brightness control of the Cree LED.  On the motor side, a stepper motor driver (A4988) 

is added in conjunction with a microcontroller (Arduino Nano) to control the motor. Also, a limit 

Figure 2.43: Slit lamp goggle electrical schematic. 
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switch is added to allow the stepper motor to reinitialize its position every time the motor is on 

so that the motor will rotate to an appropriate angle as intended. The on/off switch of the self-

imaging slit lamp smartphone adaptor is kept as an emergency shutdown switch, and the 

indicator LED is turned into a fixation point light source. To capture slit images, two Bluetooth 

shutter buttons are added to give users easy access to the shutter button.  Lastly, a reset button is 

added to safety purposes, where the system will reset when pressing this button.    

 

With the schematic completed, the circuit was built on a breadboard to check the 

feasibility of the electrical design.  Adjustment and fine-tuning of the electrical components and 

the schematic were completed during this step. With the breadboard circuit completed, the circuit 

Figure 2.44: Completely soldered slit lamp goggle circuit with two main protoboards: (a) 

the power regulator board, and (b) the control board.  
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was soldered onto the prototyping board, as shown in Figure 2.44. All of the components are 

tightly packed into two protoboards. The power regulator board (a) houses all of the parts 

responsible for supplying power to the entire system. The control board (b) houses parts needed 

for controlling actions needed when the user is initiating the slit lamp exam. Lastly, with the 

completion of the soldered protoboard circuit, a custom PCB was designed based on the 

schematic in Figure 2.43 to reduce the size of the electrical circuit (Figure 2.45). The PCB aims 

to combine the two protoboards into one PCB. As shown in Figure 2.46, the custom PCB is 

designed to connect all of the components in a compact form factor. The PCB achieves this 

space-saving factor by replacing large through-hole parts with surface mount (SMD) 

components, which are much smaller than through-hole components.  

 
Figure 2.45: The electrical schematic of the slit lamp goggle PCB. 
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2.7.4 Programming Logic 

The flowchart shown in Figure 2.47 outlines the programming logic of the slit lamp 

goggle. By pressing the slit button, the user initiates the slit lamp examination sequence. The first 

step in the sequence is to turn on the Cree LED and run the calibration function, where the 

stepper motor will rotate the sweep mirror attachment until it hits the limit switch. At this point, 

the motor will turn the attachment in the opposite direction and stop at “starPos”, which is the 

initial angle α1. Next, the program will run the sweep() function, where the motor will rotate the 

attachment backward and forward from positions associated with α1 to position α2, for two times. 

The last step in the sequence involves turning off the Cree LED and sending a signal to the SR 

latch to cut off power to the entire system. 

Figure 2.46: Slit lamp goggle PCB layout and board renders. 
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Figure 2.47: Slit lamp google programming flowchart.  
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2.7.5 Housing Design 

 

The slit lamp goggle is designed to be as compact, and, at the same time, it needs to be 

comfortable to be held by the user. Figure 2.48 reveals the design of the goggle with all the user 

input components nearly on one side of the goggle, and the Bluetooth shutter button is positioned 

to a location where it is natural for the user to press the button. As illustrated in Figure 2.49, the 

goggle is designed with modularity in mind, where each part of the housing can be modified 

independently of the other part. For instance, the inner case housing can be redesigned to house a 

specific set of electric components without affecting the overall shape of the goggle. Another 

noticeable part is the auto sweeping mount, as shown in Figure 2.50. The mount secures the 

stepper motor and the optical slit case, ensuring they are adequately aligned to project a sharp slit 

beam to the user’s eye. Figure 2.51 displays the completely build slit lamp goggle with the entire 

housing manufactured using a 3D printer.  

Figure 2.48: CAD model of the slit lamp goggle. 
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Figure 2.49: CAD model of part breakdown for the slit lamp goggle. 

Figure 2.50: The auto sweeping mount to align the sweep mirror with the slit optical system. 
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2.7.6 Testing Result 

 

The slit lamp goggle was subjected to the same level of quality check as the previous two 

devices. The googles can capture high-resolution slit images, and the user is able to perform the 

self-imaging exam. The user simply puts on the goggle and presses the shutter button to capture 

slit images, as shown in Figure 2.52. Like the other portable slit lamp, the goggle was shipped to 

the NIIOS clinic for clinical evaluation. Two medical professionals would visit a patient and 

allow the patient to use the googles under medical supervision, as illustrated in Figure 2.52.   

Figure 2.51: Fully assembled slit lamp goggle.  

Figure 2.52: Self-imaging slit lamp examination with the slit lamp goggle. 



82 

 

Chapter 3 Design and Fabrication of Self-screening 

Visual Acuity Screener 

3.1 Principle of Snellen's Chart 

Visual acuity is one of the most critical parameters in determining a person's eye 

functional status. The exam quantifies the ability of a patient to respond to external visual 

stimulation. Specifically, the patient will be asked to resolve an optotype (letter) with a critical 

feature (gap size) that subtends an angle of one arc-min at the eye nodal point at a given distance 

of 6 m or 20 feet. The Snellen E is one of the common optotypes uses to determine a person's 

visual acuity score. However, the tumbling E chart, where the letter E is shown in four 

orientations, is also often used to overcome some of the limitations of the standard Snellen chart 

regarding repeatability and accuracy rate. The visual acuity score is an inverse of MAR 

(minimum angle of resolution). Large MAR values correlate with lower vision. Snellen fractions 

are a visual acuity score, where the numerator indicates the test distance, and the denominator 

indicates the distance at which the one minute-arc MAR critical feature of the given optotype can 

be resolved, which means the size of the optotype is 5’ arcmin. The Snellen visual acuity fraction 

on the visual acuity score (VA) is defined by equation (3.1) [1]. 

VA =
Test Distance [m] 

Distance at which the optotype subtended 5′angle at eye nodal point [m]
 (3.1) 

As illustrated in Figure 3.1, the size of the visual acuity optotype is defined based on the 

angle of resolution, where a person with 20/20 vision can see a 1 minute of arc gap size in a 

letter of 5 minutes of arc height, at a distance of 6 meters (20 ft) away [4].  Given the test 

distance (dN) and the visual acuity angle of the letter (α), the physical dimension of letter size (h) 
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can be calculated equation (3.2). Conventionally, the letter size, correlated with the 20/20 

version, is 8.7 mm in both width and height at a test distance of 6 m. 

 

3.2 Design Parameters and Requirements  

 

As shown in Figure 3.2, the proposed portable self-examining visual acuity screener must 

enable the user to acquire an accurate visual acuity score by himself or herself at anytime and 

Figure 3.1: Size of the visual acuity optotype E that determines a 20/20 vision of the 

Snellen’s chart, where the gap size of the letter is 1 minute of arc. 

Figure 3.2: Proposed design of the self-screening visual acuity screener. 
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anywhere with ease. The scores are recorded and shared with the appropriate healthcare provider 

via a smartphone. As such, this ophthalmic tool must be portable, reliable, affordable, and easy-

to-use. To satisfy these requirements, the device utilizes a high-resolution liquid crystal display 

(LCD) screen to display the optotypes, and other electrical components to register user feedback, 

enabling the user to take the exam without needing a test operator. Moreover, the device utilizes 

optical elements to shorten the overall form factor while maintaining the optimal testing distance 

and the size of the optotypes.  

3.3 LCD Displays Snellen's Optotype 

 

The overall size of the display should be small since the device must be portable.  The 

main criteria for selecting the LCD screen for displaying the Snellen character for the visual 

acuity examination is the pixel size of the display. The smaller the pixel size, the smaller the 

Figure 3.3: TFT LCD screen specifications for displaying Snellen characters. 
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overall footprint of the device.  As shown in Figure 3.3, the Adafruit 1.3’’ TFT LCD screen has 

260 PPI (pixel per inch), corresponding to a pixel size of 97.3 μm. Therefore, the smallest 

Snellen E that can be displayed on this screen is a letter with 5 pixels and a gap size of 1 pixel. If 

the physical dimension of the smallest Snellen character is known, the testing distance can be 

calculated using equation (3.2), as shown below, where the optotype on display subtends a 5’ 

arcmin at the nodal point of the eye.  

tan(α [rad]) =
h [m] 

dN [m]
 (3.2) 

 

N̅ = 7.1 mm from the Gullstrand Eye Model 

g = 97.3 μm, critical feature 

h = g ∗ 5 = 486.4 μm ≈ 0.49 mm 

α = 5′ = 1.4 ∗ 10−3 rad 

dN =  
h

tan(α)
≈ 335 mm   

d =  dN −  N̅ ≈ 𝟑𝟐𝟕 𝐦𝐦 for 
20

20
 vision 

Figure 3.4: Diagram illustrating the determination of the visual acuity testing distance, where 

h is the letter height, g is the gap size, dN is the testing distance, N̅ is the nodal point length, α 

is the visual acuity angle, and d is the distance from the eye to the Snellen optotype.   
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The length of the nodal point N̅ is obtained for the Gullstrand Eye Model (Table1.1). 

Given the pixel size of the screen, the height of the smallest letter is simply five times the pixel 

size, so the gap size (g) of the letter is equal to the size of one pixel (97.3 μm).  Looking at 

Figure 3.4, the testing distance, dN, is determined based on the letter height, h, and the visual 

acuity angle, α, using equation (3.2). Subtracting the known distance of the nodal point to the 

cornea, N̅, from the length dN gives the length where the LCD screen can be placed from the eye 

to perform the visual acuity test. In other words, if a patient can distinguish the smallest Snellen 

E character of five pixels height displays on the Adafruit LCD screen at 327 mm away from his 

or her eye, then the patient has a 20/20 (6/6) visual acuity score. 

3.4 Optical Configuration and Calculation for Single-lens Screener 

Holding a device at exactly 327 mm away from the eye to perform the visual acuity exam 

is not practical. So, optical elements can be used to shorten the physical testing distance of the 

device, where the LCD screen can be physically placed as close as possible to the eye, and the 

optotypes are projected far away from the eye at the correct testing distance. Another reason for 

using lenses to project the image of the optotype far away from the eye is to overcome the near 

point limit of the eye.  That is to say, the human eye has a region where it cannot accommodate 

to focus on an object within this region. The near point defines the farthest distance from the eye 

where an object within this range will appear blurry, i.e., at closed proximity, the eye cannot 

focus the image of the object onto the retina. For normal vision, the closest point at which an 

object can be placed and still form a sharp image on the retina is about 25 cm from the eye [10].  

The near point limitation of a person increases as the person grows older. 
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As illustrated in Figure 3.5, a positive converging lens is used to project a visual image of 

a Snellen E letter further away from the eye. This increases the testing distance, dN, and shortens 

the physical length of the device, d, which overcomes the eye near point limitation. The focal 

length of the lens is the distance from the focal point, f, to the principal plane of the lens.  As 

long as the object distance, do, is shorter than the focal length of the lens, then a larger upright 

visual image of the object will appear on the same side as the object with the image distance, di, 

longer than the object distance. Furthermore, as do approaches the focal length, the image 

distance will increase exponentially, as shown in Figure 3.6. 

Figure 3.5: Diagram illustrating the projection of the Snellen E optotype on the LCD screen 

at a greater distance using a position converging lens, where f is the focal point of the lens, do 

is the distance of the object (LCD screen) to the principal plane of the positive lens, di is the 

distance of the image to the principal plane, ho is the height of the object, and hi is the height 

of the image.  
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Similarly, the image height, hi, increases exponentially as the object distance gets close to 

the focal length. Moreover, given do and f, the di is obtained using the thin lens approximation 

equation (3.3), which can be rearranged to get equation (3.4).  

1

f
=

1

do
+

1

di
 (3.3) 

di =
f ∗ do

do − f
 (3.4) 

The height of the image is calculated using the magnification equation (3.5), which is the ratio of 

the image distance (di ) and the object distance (do).  

m =
hi

ho
= −

di

do
 (3.5) 

Figure 3.6: Image distance and image height versus object distance for a positive lens. 
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As previously stated, the testing distance (dN) is calculated using equation (3.2). Figure 3.5 

reveals the relationship of the physical length (d) of the visual acuity device to the other 

distances. The equation (3.6) is used to acquire the length d by subtracting the length dN
 from the 

length of the nodal point (N̅) and image distance (di). Then, the resulting value is added with 

length do. 

d = dN − N̅ − di + d0 (3.6) 

Since the final image height of the optotype is much larger than the initial height of the object, 

the final image is correlated with a lower visual acuity score than the original image displays on 

the LCD. In other words, the smallest optotype display with this setup will not be associated with 

a 20/20 VA score. To resolve this problem, a negative lens is introduced into the system to 

shrink the optotype before projecting the letter with a positive lens. This optical system will 

allow the smallest displayed optotype to be correlated with a 20/20 vision score. 

3.5 Single-lens Visual Acuity Screening Prototype 

A visual acuity screener prototype was built to validate the computational model of the 

single-lens system, as shown in Figure 3.7. Specifically, the device aims to confirm that an 

addition of a positive converging lens in front of the LCD screen would allow the screen to be 

positioned within the near point of the eye. Ideally, the overall length of the system should be 

less than 25 cm, and the user will still be able to see the visual image of the displayed optotypes. 

Since the device is a proof-of-concept prototype, the input system of the user feedback is not 

considered. When using the prototype, the user would verbally register his or her ability to see 

the displayed Snellen character. The diagram of the prototype in Figure 3.7 reveals the main 

components of the single-lens setup. The screen for displaying the Snellen optotypes is the 

screen of a smartwatch, which had a comparable pixel size to the Adafruit LCD. A smartphone is 
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used to send the images of the optotypes to be displayed on the smartwatch. Using a smartwatch 

instead of the Adafruit LCD saved substantial development time as the smartwatch is a plug-and-

play device. In contrast, the Adafruit display requires many supporting electrical components and 

extensive programming.  Also, the beam splitter is added to redirect the image path to the 

biconvex lens toward the user’s eye. The overall length of the prototype is 50 mm. Testing 

results of the device confirmed the single-lens setup calculations that the user can see the 

displayed optotypes when the screen is placed within the near point limitation. 

 

 

Figure 3.7: Single-lens visual acuity prototype: a) the diagram of the prototype, b) the CAD 

model of the device, and c) the completely built unit of the visual screener. 

 



91 

 

3.6 Optical Configuration and Calculation for Dual-lens Screener 

 

With the single positive lens, the device cannot achieve the desired visual acuity score, 

since the projected image of the optotype is always larger than the initial character. Using a 

negative diverging lens, the initial height of the optotype can be reduced to minimize the 

magnification effect of the positive lens, giving the final image with a height that would correlate 

with the desired testing distance for a 20/20 visual acuity testing score. In Figure 3.8, the 

dependence of image distance and image height on object distance is shown for a negative lens. 

We observe that the image distance increases with an increase of the object distance while the 

image height decreases with an increase of the object distance. 

Figure 3.8: Image distance and image height versus object distance for a negative lens. 
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Unlike the positive lens, the image of the object formed from a negative lens is always an 

upright visual image, on the same side of the object, regardless of the object distance.  As shown 

in Figure 3.9, the negative lens reduces the size of the initially displayed optotype (blue E) to the 

purple E letter.  From this, the reduced upright visual image of the optotype becomes the object 

for the positive lens, which will be magnified and projected away from the eye. From the point 

of view of the observer, the final visual upright image of the optotype (black E) will appear 6 

meters away from the eye with the letter height that subtends five arcmins at the nodal point of 

the eye, which is correlated with 20/20 VA. 

 

The optical computation to determine the image distance and the image height of the 

negative lens is completed using the thin lens equation (3.3) as discussed in the previous section, 

and, from this, the positive lens computation is repeated to get the final image height that is 

correlated with 20/20 VA testing distance. Figure 3.10 shows the dependence of the total testing 

distance, d, on object distance dpo. We observe that the total length of the system, d, increases or 

decreases versus dpo depending on the value of do. 

Figure 3.9: Diagram illustrating the dual-lens configuration of the visual acuity screener. A 

negative lens is responsible for shrinking the size of the Snellen optotypes, and a positive 

lens is responsible for projecting an image of the letter 6 m away from the eye.  
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In order to determine the optimal locations to place the negative lens and the positive lens 

with respect to the display and the user’s eye, the plot in Figure 3.11 was generated. It reveals the 

relationship between the critical distances of the system, as listed in the legend of the plot. 

Comparing these distances will lead to the discovery of the optimal parameters for a particular 

visual acuity dual-lens configuration, as shown in Table 3.1, where the ninth configuration is the 

best dual-lens setup. The criteria for choosing the optimal parameters of a dual-lens 

configuration are that dn must be equal to 6 m, while dEP must be a small value, and d is as short 

Figure 3.10: Total testing distance, d, versus object distance for positive lens, dpo. 
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as possible. The ninth configuration is the best setup as it meets the listed criteria, and the 

difference between the positive lens focal length, fp, and object distance, do, is the largest value. 

Since a slight change in object distance, near the focal point, will exponentially affect the image 

distance (Figure 3.6), it is challenging to physically place the screen near the focal point of the 

positive lens to achieve the desired testing distance. Therefore, dual-lens configurations with do 

much less than fp are preferred over other setups, where the do value is very close to the fp value. 

 

 

 

Figure 3.11: Plot comparing distances of a dual-lens configuration to find the optimal 

locations for the negative and positive lens.  
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Table 3.1: Visual acuity dual-lens configuration comparison to achieve a testing distance of 6 m 

using various dual-lens configurations. 

# fn fp dpo do dNP dEP d dN Note 

1 -9 mm 50 mm 49 mm 51. 7 mm 42 mm 4 mm 97 mm 5000 mm 
Can’t 

project 

to 6 m 

2 -9 mm 60 mm 59 mm 41.6 mm 52 mm 4 mm 97 mm 6000 mm  

3 -9 mm 70 mm 69 mm 34.4 mm 62 mm 9 mm 105 mm 6000 mm  

4 -9 mm 80 mm 79 mm 29 mm 72 mm 15 mm 116 mm 6000 mm  

5 -9 mm 90 mm 89 mm 24.8 mm 82 mm 21 mm 128 mm 6000 mm  

6 -9 mm 100 mm 98 mm 21.5 mm 92 mm 15 mm 129 mm 6000 mm  

7 -9 mm 110 mm 108 mm 18.8 mm 102 mm 9 mm 130 mm 6000 mm  

8 -9 mm 120 mm 118 mm 16.5 mm 112 mm 15 mm 144 mm 6000 mm  

9 -9 mm 150 mm 146 mm 11.5 mm 141 mm 15 mm 168 mm 6000 mm Best 

10 -9 mm 200 mm 193 mm 6.5 mm 190 mm 15 mm 212 mm 6000 mm  

 

Similar to the examination results obtained from the traditional visual acuity exam using 

a standard Snellen chart, the proposed visual acuity dual-lens screening setup can theoretically 

produce comparable screening results. The dual-lens visual acuity configuration, as discussed, 

allows the device to be compact and be placed very close to the patient’s eye while maintaining 

the standard 6 meters testing distance. However, the calculated configuration still needs to be 

experimentally validated.   
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3.7 Dual-lens Visual Acuity Screening Prototype 

 

To appraise the testing accuracy of the dual-lens system, a visual acuity screening 

prototype is built using the dual-lens optical configuration number nine, as described in Table 

3.1.  As illustrated in Figure 3.12, the device is in a goggle form factor, which will help the user 

naturally aligns the user’s eye to the dual-lens optical tube for the exam. A smartphone is firmly 

secured in the back of the goggle, and the screen is used to display the Snellen optotypes for the 

user to see through the optical tube. With this device, patients can take eye examinations in the 

comfort of their homes and communicate the results with ophthalmologists remotely via the 

smartphone. This prototype is a concept evaluating device, so the recording of the user feedback 

input system for self-screening is not fully integrated. Using a dedicated visual acuity screening 

application in the smartphone, the user can change the height of the optotypes by pressing the 

positive sign button to increase the height of the letter or the negative sign button to decrease the 

size, as shown in Figure 3.13. In terms of registering the user’s feedback, the user has to verbally 

Figure 3.12: The dual-lens visual acuity screening goggle, where the Snellen character is 

displayed using the screen of the smartphone. 
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announce the feedback to the operator, where the operator will record the user's visual acuity 

score. 

 

The height of the Snellen character is calculated according to the pixel size of the 

smartphone and the dual-lens optical setup. The letter height is correlated with the visual acuity 

score. As shown in Table 3.2, the height of the letter is progressively taller as the score 

decreases. The smallest letter is correlated with a 20/20 score, and the largest optotype is 

correlated with the lowest visual acuity score. The list of letter heights is then converted into a 

list of pixel counts so that they can be displayed on the smartphone.  For instance, a height at 225 

μm is equaled to 5 pixels in a row. Lastly, the device shows promising results in initial testing. 

However, a more comprehensive examination of the device is needed to confirm that the 

prototype is comparable to the conventional visual acuity exam. Thus, the goggle is sent to the 

NIIOS eye clinic for further evaluation of the device. 

 

Figure 3.13: An Android smartphone application for visual acuity examination. The user can 

increase the size of optotypes by pressing the positive shape button and decrease the size by 

pressing the negative button. 
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Table 3.2: List of calculated Snellen letter height correlated with each visual acuity fractions, 

according to dual-lens configuration, and, given the pixel size of the smartphone S8, the 

height is converted to pixel count to display the optotype onto the smartphone screen. 

Based on the Samsung S8 smartphone screen with 45 um pixel size 

Level 
Visual Acuity 

Fraction 
Score Letter Height Unit Letter Width Unit 

Pixel 

Count 

1 20/20 1.0 225 μm 225 μm 5 

2 20/25 0.8 281 μm 281 μm 6 

3 20/32 0.6 360 μm 360 μm 8 

4 20/40 0.5 450 μm 450 μm 10 

5 20/50 0.4 563 μm 563 μm 13 

6 20/80 0.3 900 μm 900 μm 20 

7 20/100 0.2 1125 μm 1125 μm 25 

8 20/200 0.1 2250 μm 2250 μm 50 
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Chapter 4 Design and Fabrication of 2-in-1 Goggle  

4.1 Device Overview 

 

Since one goal of this thesis is to develop ophthalmic instruments for conducting multiple 

eye examinations, one important design question is the question as to whether these instruments 

will be stand-alone devices or whether one can combine various or all functionalities into one 

device. A first step in answering the above question would be the design of a device that 

combines two tasks, for instance, the slit lamp and the visual acuity exam. As illustrated in 

Figure 4.1,  a 2-in-1 device combines the self-screening single-lens visual acuity screener and the 

self-imaging slit lamp smartphone adaptor. The goal of the 2-in-1 goggle is to eliminate the need 

for a test operator to facilitate and record the results of both the visual acuity (VA) and the slit 

lamp examinations separately. The goggle features a complete user feedback input system. 

Figure 4.1: Illustration of 2-in-1 goggle, which is a combination of single-lens visual acuity 

screener and the self-imaging slit lamp smartphone adaptor. 
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Unlike the two previously VA prototypes, the user will be able to register the user’s feedback 

into the device and receive a VA score at the end of the exam. 

 

Even though both of the portable VA and slit lamp devices are the first-generation 

prototypes, they are principally functional devices with simple optics and electrical parts. The 

simplicity of their hardware allows the two instruments to be integrated into a user-friendly form 

factor of the goggle. If the 2-in-1 goggle successfully realized its potential as a self-examining 

device, then an updated 2-in-1 device can be built with upgraded hardware and sophisticated 

electrical circuit design. As illustrated in Figure 4.2, the goggle is divided into two main parts: 

the VA (a) and the slit lamp area (b). The visual acuity exam portion consists of an Adafruit 

LCD screen, as discussed in section 3.3, a large mirror at 45° angle, and a biconvex lens. During 

the VA exam, the screen displays the Snellen optotypes; then, the 45° angle mirror redirects the 

optotypes to the biconvex lens. Looking into the lens, the user will see an enlarged visual image 

Figure 4.2: Diagram of the 2-in-1 goggle, outlining the visual acuity screener (a), and the slit 

lamp unit within the goggle (b).  
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of the optotypes projected away from the eye, at a distance greater than the near point of the eye. 

Similar to the auto sweeping slit lamp goggle (Section 2.8), the slit lamp portion of the 2-in-1 

goggle (b) features a rotating mirror to automatically sweep the slit beam from one side of the 

eye to the other side, while slit images are captured with the smartphone camera. Moreover, the 

user can see his or her eye with the 2-way mirror when slit lamp examining mode.  

4.2 Electrical Circuits 

 

The electrical circuit of the 2-in-1 goggle combines the electrical components of the VA 

device with the slit lamp circuit into a uniform circuit. As shown in Figure 4.3, the device has an 

intuitive control interface of two buttons: one to activate the VA exam, and the other to start the 

slit lamp test. In the middle of the two buttons is an on/off switch to power off the device when it 

is not in use for an extended period. Also, the goggle features two membrane buttons (Figure 

4.5) for the user to indicate the orientation of the Snellen E characters during the visual acuity 

exam. A more detailed description of the usage of the two VA (left/right) buttons will be 

provided in a later section.     

Figure 4.3: The control interface of the 2-in-1 goggle. 



102 

 

 

The electrical schematic in Figure 4.4 shows that all of the electrical components are 

controlled and interact with each other via an Adafruit Metro mini microcontroller board.  In 

particular, the microcontroller networks with the LCD screen using serial peripheral interface 

(SPI) communication protocol and controls an LED array using a shift register IC to display the 

visual acuity score at the end of each VA exam. The shift register external IC allows the 

microcontroller to control eight LEDs using only three digital pins. Finally, the micro servo 

rotates according to the pulse-width modulation (PMW) signal, outputting from the Metro mini 

control board. Similar to previous devices, the Adafruit PowerBoost supplies power to the entire 

system and acts as a charging port for the LiPo battery and the connected smartphone via a 1A 

Qi wireless charging pad. The circuit of the 2-in-1 device was first built on a breadboard, as 

shown in Figure 4.5, to ensure that the circuit is a practical design. Then, the circuit board was 

soldered onto a protoboard to be assembled into the inner case (Figure 4.9) of the goggle 

housing. 

Figure 4.4: Electrical schematic of the 2-in-1 goggle. 
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4.3 Programming Logic 

 

Figure 4.5: Completed circuit of the 2-in-1 device on a breadboard. 

Figure 4.6: The programming flowchart of the 2-in-1 goggle outlines the slit lamp exam 

sequence and the visual acuity sequence.   
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Looking at the flowchart in Figure 4.6, the main program of the 2-in-1 googles will 

display a starting screen to confirm that the system is activated. In standby mode, it will then 

continually check the status of the VA start button and the slit lamp start button. The program 

will execute the examining sequence according to the pressed button. Pressing the VA button 

would put the system in VA mode, and pressing the slit lamp button would put it in slit lamp 

mode. When the system is in slit lamp mode, the slit LED is set to high, and the servo will rotate 

the sweep mirror to complete the automated slit lamp exam. Then, the program returns to the 

standby mode. 

 

 In visual acuity mode, the system will execute the VA examining sequence, as 

demonstrated in Figure 4.7. The test sequence starts with the display of four Snellen E optotypes 

with randomized orientation, which correlates to level one of the VA with a score of 20/20. 

Using the left and right VA buttons, the user will register the direction of which the E characters 

are facing  (left or right).  If the user correctly identifies the orientation of all four optotypes, then 

the VA score will be displayed on both the screen and the VA score indicator LED array (Figure 

4.8). If the user misidentifies the E characters, then the user will have another attempt at the same 

Figure 4.7: Illustration of the visual acuity examination sequence. 
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level with the optotypes in randomized orientation (up/down). If the user fails to correctly 

identify the E letter direction of the same VA level twice, then the program will present the 

optotypes associated with the next level and allow the user two attempts to identify the correct 

orientations. The test will be repeated until the user reaches level 8, with a VA score of 20/200 

(Table 3.2). At this point, the program will display the score and returns to standby mode. 

4.4 Housing Design 

 

The 2-in-1 device is designed with user comfortability in mind. The goggle must be 

comfortable to hold and intuitive to use. As shown in Figure 4.8, the goggle has compact overall 

dimensions. The two (left/right) visual acuity buttons are located where the thumbs or index 

fingers naturally rest when holding the goggle during the VA examination. All the control 

interfacing switches are neatly labeled and located on one side of the device for easy access. 

Additionally, the VA score indicator is on the same plane as the screen of the smartphone, where 

the user can reveal the slit images and record the VA score.  

Figure 4.8: The CAD model of the 2-in-1 goggle. 
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Like the slit lamp goggle, the 2-in-1 goggle features the same design architecture. As 

illustrated in Figure 4.9, the inner case houses all of the optics and electrical components. The 

case can be modified as needed without fear of altering the goggle's outer aesthetic, sine the 

outer case will enclose the entire inner case, covering any appearance defect. Like other devices 

in this project, the whole housing is 3D printed using either a fused deposition modeling (FDM) 

or an SLA printer. Figure 4.10 shows a fully built unit of the 2-in-1 goggle.  

 

Figure 4.9: CAD model of part breakdown for the 2-in-1 goggle. 

Figure 4.10: Fully assembled 2-in-1 goggle. 
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4.5 Testing Result  

 

The device shows promising results. The 2-in-1 goggle produced slit images with similar 

quality as the self-imaging slit lamp smartphone adaptor (Figure 4.11). As expected, the visual 

acuity score obtained with this device is not accurate in comparison to the conventional VA 

acuity exam since it is a single-lens visual acuity system. However, the user feedback acquisition 

system is intuitive to use as intended. The user needs only minimal instructions to perform the 

self-screening visual acuity exam without assistance from a test operator. The goggle was sent to 

the Netherland to clinical evaluation at the NIIOS eye clinic and received a notable mention in 

the NIIOS newsletter (Figure 4.12). 

Figure 4.11: Testing the 2-in-1 goggle functionality.  



108 

 

 

 

Figure 4.12: 2-in-1 goggle featured in the NIIOS newsletter. 
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Chapter 5 Conclusion and Future Direction 

5.1 Conclusion 

In this thesis, the miniaturization of two standard ophthalmic instruments with the 

addition of self-examination features was investigated. Those instruments are the slit lamp, and 

the visual acuity screener. The motivation for the project is primarily based on the need to reduce 

unnecessary visits to an eye clinic for a routine checkup with the ophthalmologist. These visits 

can be time-consuming and expensive. With the proposed miniaturized ophthalmic tools, the 

patient can receive the same eye examinations at home, and the results can be remotely sent to 

the physician for analysis.  

The first device to be miniaturized was the conventional slit lamp biomicroscope. The 

self-imaging slit lamp smartphone adaptor successfully shrank the traditional benchtop slit lamp 

down to a pocket-size device that allows the user (patient) to photograph slit images of his or her 

eye. The self-imaging slit lamp goggle completely automated the self-imaging process, allowing 

the user to obtain high-resolution slit images with minimal effort.  

Second, proof-of-concept visual acuity screeners were built to show that a self-examining 

visual acuity screening is possible with a portable device. The first prototype was built with a 

single-lens configuration to overcome the near point limitation of the eye. The second prototype 

was built with a dual-lens setup, where the self-screening results acquired with this device are 

comparable to a conventional visual acuity exam with a standard Snellen chart. 

Lastly, a 2-in-1 goggle was constructed to demonstrate that the self-imaging slit lamp and 

the self-screening visual acuity screener can be combined into a single functional device. The 



110 

 

goggle showcased the full testing procedure to acquire visual score and slit images with the 

assistance of trained medical personnel who present are required to conduct these exams with 

conventional instruments.  

The self-examining ophthalmic instruments presented in this research allow patients to 

receive eye care in the comfort of their own home, thereby increasing the accessibility to eye 

care while maintaining the quality of care in the field of ophthalmology. Patients who are unable 

to visit an eye clinic can now receive quality eye care at home, and ophthalmologists can have 

more time and resources to treat patients with urgent needs.    

5.2 Future Direction 

The future direction of the project involves the development of a proof-of-concept self-

imaging funduscope, a proof-of-concept IOP measurement device, and further refinement of the 

developed ophthalmic instruments to improve its testing accuracy and ease-of-use. Additionally, 

the building of a combination device such as the 2-in-1 slit lamp and visual acuity goggle is a 

crucial part of the project's future development. 

As fundus imaging is a vital monitoring feature of the eye condition, having a self-

imaging funduscope that can capture fundus images without the need for eye dilation or a second 

person to operate the device is ideal for improving the quality of at-home examination. A proof-

of-concept self-imaging funduscope needs to be studied to determine the feasibility of such a 

device.  

The miniaturization of a conventional tonometer with self-examining features is 

necessary to enable full eye examination at home. IOP measurement is an important data point to 

evaluate the eye condition of a patient. Without this result, some patients might still need to visit 
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an eye clinic for a routine checkup. Thus, a proof-of-concept tonometer needs to be built to 

evaluate methods for self-monitoring IOP level.  

Lastly, building improved versions of devices such as the self-imaging slit lamp and the 

self-screening visual acuity screener is necessary to ensure that screening results obtained from 

these devices are as accurate as results obtained using the traditional methods. With the ultimate 

goal of creating a portable 4-in-1 self-examining device, combining reliable self-examining 

devices into a 2-in-1 instrument or a 3-in-1 device is the natural next step after successfully 

building a functional self-imaging slit lamp, a self-screening visual acuity screener, a self-

imaging funduscope, and a self-measuring tonometer. 

 Overall, the need for portable ophthalmic instruments for self-screening at home will 

continue to grow as the elderly population increase over time, and as more people work at home, 

especially in the recent pandemic crisis. The ability to receive eye care at home is important and 

will improve the quality of life for many people.  
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