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Abstract 

 Inspection of the pupillary reflex and extraocular motor function can provide invaluable 

information about the integrity of the cranial nerves, as well as indirectly indicate changes in 

intracranial pressure (ICP). In critical ICU patients and patients with severe traumatic brain injuries 

(TBI), monitoring these physiological mechanisms has shown that dysfunction may be 

proportional to the degree of injury. In the operating room, current devices for reflex pupillometry 

are based on 40-year-old technology, measure at irregular intervals, and require logistically 

difficult manipulations. In this thesis, a prototype device design is proposed that can be positioned 

on or nearly on-eye and provide continuous measurement of both ipsilateral and contralateral pupil 

responses simultaneously in real-time or near real-time while being minimally invasive. The 

primary application of this device is in neurosurgery, emergency medicine, and telemedicine. 
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Chapter 1: Introduction 

Motivation  

The eyes reveal an abundance of information about the health of the human body. Many 

systemic diseases and conditions cause symptoms throughout the body, and some of these 

symptoms manifest in the eyes. Physical examinations (e.g., pupil inspection) are often sufficient 

in aiding the diagnosis of neurological conditions due to the anatomy of the nervous system. 

Trauma to the nerves is often apparent, as the functions that the nerves are responsible for become 

impaired. Observation of the dysfunction of a particular nerve can indicate, with great precision, 

where the trauma occurred. Customarily performed neurological examinations inspect the function 

of the twelve cranial nerves (CN) which have meticulously defined functions such as coordinating 

eye movement or tongue movement.  

In neurosurgical procedures, when attempting to monitor the cranial nerves to detect or 

prevent damage, the somatic motor nerves and some special sensory nerves (i.e., CN V-XII) are 

readily monitored for feedback during complex surgical procedures in those respective regions.1 

However, the upper cranial nerves (i.e., CN I-IV) prove more difficult to monitor.1 The oculomotor 

nerve (CN III) in particular possesses somatic and visceral motor tracts, but placing a needle lead 

into the extraocular muscles can be troublesome.1 Assessment of the optic nerve (CN II) remains 

even more problematic because the most often used modality, visual evoked potentials, measures 

not only nerve integrity but also that of the optic tracts and visual cortex.1 In practice this has not 

been found to be particularly reliable.1  

Inspection of the pupillary light reflex (PLR) can provide useful information about the 

integrity of cranial nerves, sensory and motor tracts, and potentially an indirect measure of 

intracranial pressure (ICP).1 Using cranial nerve function as a way to assess ICP levels in critical 
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ICU patients is not a new idea and attempts have been made to correlate reflex pupillometry, the 

measurement of pupil size, with ICP.2 Past observations and recent literature on pupillometry has 

suggested that subtle dysfunction in the pupil responses (e.g., increased latency or decreased 

velocity) predict elevated ICPs.2  

In order to judge pupil reactivity certain pupil reflex parameters, such as pupil latency and 

velocity, are required. Yoo et al. defined 8 PLR parameters in their work which are shown in Figure 

1. While not all 8 parameters are needed for this thesis, they illustrate the important parameters in 

understanding pupil response curves. The maximal pupil diameter (mm) was defined as the initial 

resting pupil size and minimal pupil diameter (mm) as the smallest pupil size during constriction.3 

The pupillary constriction ratio (%) was defined as the difference between the maximum and 

minimum diameters divided by the maximal pupil diameter, and the latency (s) as the time 

difference between initiation of retinal light stimulation and onset of pupillary constriction.3 

Average constriction velocity (mm/s) was defined as the amplitude of pupil constriction divided 

by the duration of constriction and average dilation velocity (mm/s) as the amount of pupil size 

dilation after constriction divided by the duration of recovery to maximal pupil diameter.3 Maximal 

constriction velocity was defined as the peak value of the velocity during constriction which is 

larger than the ACV.3 Total time from the peak of the constriction to the recovery of the pupil to 

recover 75% of maximal pupil diameter was also measured.3 Despite previous studies on, there 

are still no agreed upon means for defining the parameters of the PLR.4  
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Figure 1: Schematic diagram of the pupillary light response illustrating the recorded pupillary light reflex 

parameters. 1) maximal pupil diameter, 2) minimal pupil diameter, 3) pupil constriction ratio, 4) constriction 

latency, 5) average constriction velocity, 6) maximal constriction velocity, 7) average dilation velocity, 8) total time 

taken by the pupil to recover 75% of maximal pupil diameter.3 

Pupillometers seek to remove variability from assessments and provide quantitative 

pupillary function information. The most advanced reflex pupillometers on the market today are 

still hand-held devices whose design derives from 40-year-old technology.1 The measurements 

acquired with these devices are intermittent and require logistically difficult manipulations i.e., 

manual opening of eyelid and measurement of the contralateral response.1 In a clinical setting with 

awake patients, these impediments are easily overcome; however, in the intensive care unit (ICU) 

or operating room (OR) with critical and comatose patients or anesthetized patients, such 

manipulations are not often feasible.1 The solution proposed here is a device that seeks to improve 

upon or overcome the shortcomings of the pupillometers on the market. 

Thesis Aims  

The work described within this thesis addresses two main aims:  

Aim 1:  
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Design and construct an on-eye or near eye pupillary reflex device that can be used to 

monitor pupil responses and from that infer the state of the ocular cranial nerve. This aim 

is addressed in Chapter 2. 

Aim 2: 

Program a user interface that can be used to capture continuous pupil measurements (e.g., 

real-time or near real-time measurements) and extract pertinent information such as 

amplitude (i.e., the maximum pupil diameter), latency (i.e., the time it takes the pupil to 

constrict in response to light stimulation), and velocity (i.e., the change in pupil diameter 

over time) of the pupillary response. This aim is addressed in Chapter 3. 

Traumatic Brain Injury  

 Traumatic brain injury (TBI) is an injury to the brain caused by a sudden blow or jolt to 

the head from blunt or penetrating trauma resulting in the disruption of normal brain function. 

During the impact, the brain crashes back and forth inside the skull resulting in bruising, bleeding, 

and the tearing of nerve fibers.5 In the United States, TBI contributes to 30% of all injury related 

deaths.6 In 2013 the U.S. reported approximately 2.5 million emergency department (ED) visits, 

282,000 hospitalizations, and nearly 50,000 deaths attributed to TBI alone or TBI in combination 

with other injuries.6 Common causes of TBI include car and motorcycle crashes, falls, sport related 

injuries, and assaults.5 The consequences of such an injury can affect all aspects of a person’s life, 

including physical and mental abilities, emotions, or personality. The effects faced by those who 

survive a TBI may last for a few days or for the rest of their lives.  

Classification 

TBIs can be classified based on severity of injury, mechanism of injury, pathophysiology, 

or pathoanatomical location.9 The classification system based on injury severity is mainly used in 
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clinical practice for triage, direction of targeted therapies, or research purposes.7 At the scene, the 

injured person is assessed based on the Glasgow Coma Scale (GCS). Developed by Jennett and 

Teasdale in 1974, the GCS is the most widely used method in determining the severity of TBI.8 

The GCS is a 15-point test used to assess the level of consciousness of a patient. A GCS score of 

3-8 defines a severe TBI, 9-13 a moderate TBI, and 14-15 a mild TBI also called a concussion.7 A 

person with a mild TBI is likely awake with their eyes open after the injury. The symptoms of mild 

TBI may include confusion, disorientation, memory loss, headache, and brief loss of 

consciousness. A person with a moderate TBI is likely lethargic and their eyes open in response to 

stimulation. They experience a loss of consciousness lasting for anywhere between 20 minutes to 

6 hours.5 Sleepiness may occur as a result of some brain swelling or bleeding.5 A person with a 

severe TBI is unconscious after injury and their eyes do not open even in response to stimulation.5 

Loss of consciousness is experienced for longer than 6 hours.5 The use of the GCS for classifying 

TBI has limitations such as failing to account for the impact due to sedation, hypoxemia, and 

circulatory instability in the score nor does it take into account the injured person’s age, the 

presence of other injuries, and physiological status.7  

Table 1: Glasgow Coma Scale 

Behavior  Response  Score 

Eye Response  Spontaneous  4 

 To speech  3 

 To pain 2 

 No response 1 

Verbal Response Oriented 5 

 Confused conversation 4 
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 Inappropriate words  3 

 Incomprehensible sounds 2 

 No response  1 

Motor Response Obeys commands 6 

 Localizes Pain  5 

 Normal flexion (withdrawal) 4 

 Abnormal flexion 3 

 Extension 2 

 No response 1 

 

TBI can be classified on a basis of pathophysiology and the injury’s progression over time. 

The concepts of primary injury and secondary injury derive from this method. Primary injury refers 

to the brain damage that occurs at the moment of impact.5 Secondary injury refers to the 

pathophysiological processes that begin from the moment of the primary injury and continue on 

to the post-injury phase, this can be more damaging than the primary injury.5 Any time after the 

initial injury, during resuscitation, transport, or in the ICU secondary injury can occur.3  

Classification based on the physical mechanism of injury relies on the knowledge of and 

ability to determine the magnitude of force applied as well as the direction of the force. This system 

is primarily used for modelling injuries and prevention techniques. It does not serve any significant 

role in the clinical management of the injury.3 

 The pathoanatomical approach classifies the head injury by location and type of injury.3 

Types of TBIs are split into two categories: diffuse injuries and focal injuries. Diffuse injuries 

involve the entire brain. These include injuries such as concussions, diffuse axonal injuries, and 
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traumatic subarachnoid hemorrhage. Focal injuries involve specific area of the brain. This includes 

injuries such as contusions and hematomas. This method relies heavily on computed tomography 

(CT) scanning which facilitates precise classification.3  

Clinical Assessment   

When managing a traumatic brain injury, the primary goal is prevention of secondary 

injury.9 This is achieved through multimodal neuromonitoring. Neuromonitoring is the use of any 

technique used to assess and provide information on a patient’s neurological status. This can be 

accomplished from simple, inexpensive serial neurologic assessments to the most complex and 

invasive means of assessment. Technology classified as invasive monitoring can be placed into 

three general categories: pressure, flow, and metabolism.9  

 
Table 2 : Neuro-monitoring Techniques 8 

● Monitors of Pressure  

○ Intracranial Pressure  

○ Cerebral perfusion pressure 

● Monitors of Flow 

○ Direct  

■ Stable xenon CT imaging 

■ Perfusion CT imaging  

■ Transcranial Doppler 

○ Indirect 

■ Jugular venous oxygen saturation 

■ Brain tissue pO2 

● Monitors of Metabolism 

○ Electroencephalogram 

○ Microdialysis  

 

 A thorough and systematic neurological examination must include the evaluation of mental 

status, cranial and pupillary reflexes, and motor responses. The GCS mentioned previously, 

measured at the site of injury, during transport, and in the emergency center for the initial 

assessment and triage purposes, provides physicians with valuable information about the patient’s 
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neurological state.8 The GCS has well known limitations, and despite those is still widely used. 

The main issue with GCS use is that measurements can vary depending on the skills and expertise 

of the examiner. It is unrealistic to expect that the examiner will perform measurements at the 

bedside every hour, while it is more likely that the assessment will be made by more than one 

physician or nurse at irregular intervals. Even those considered to be standardized assessments 

vary between examiners. Other factors that produce discrepancies in GCS measurements are the 

level of stimulus applied, light intensity, perception of pupillary reactivity. Outside influences such 

as patient drug use or alcohol intoxication can also interfere with the neurological examination.8 

Sedation and agents that inhibit neuromuscular function used to intubate and to control ventilation 

can also interfere.8 

Intracranial Pressure Monitoring  

The fundamental principles of increased ICP were developed in Scotland and amassed in 

a document credited to professors Monro (1783)10 and Kellie (1824)11 and later modified by 

Cushing. The most prominent information to take away from the document is that brain tissue is 

nearly incompressible, therefore any change in volume of individual intracranial contents (brain, 

blood, and cerebrospinal fluid) must occur at the expense of the volume of another element and 

will ultimately lead to an increase in ICP.12 An increase in ICP is most commonly associated with 

a severe head injury like TBI and cannot be detected from the post-injury symptoms of the patient 

alone and no clinical assessments accurately quantify ICP.8 In fact, raised ICPs can occur in the 

absence of classic symptoms such as headaches, nausea, vomiting, or papilledema.6 The only way 

ICPs suspected of elevation can be confirmed is through direct and invasive measurement.8  

Techniques used to measure ICP include, but are not limited to, the use of an 

intraventricular catheter or intraparenchymal probe. The ventricular catheter has been the gold 



 

 

18 

standard since the 1960s.8 A ventriculostomy, performed under local anesthesia, is a procedure to 

effectively reduce a raised ICP by draining cerebrospinal fluid (CSF).8 The catheter is positioned 

through a burr hole in the ventricles of the brain and attached to an external strain gauge transducer 

which gives a reading of ICP.12 Complications due to ICP monitoring is rare, however catheter use 

is associated with higher incidences of ventriculitis.8 Despite the fact that an increased ICP is 

associated with a worse outcome for patients with TBI, invasive ICP monitoring and management 

has not been shown to improve patient outcomes.12  

 

Figure 2: Sites for invasive ICP monitoring. The sites shown are both used spaces and potential spaces in the 

intracranial cavity in which ICP can be measured.13  

Indicators for Monitoring  

 The threshold for initiation of ICP monitoring is ambiguous and depends on factors such 

as patient age and clinical diagnosis.12 A healthy individual in a supine position is expected to 

maintain an ICP between 3-10 mmHg (upper limit of 15 mmHg).8 In morbidly obese individuals 

this value can reach 25 mmHg. For TBI patients, ICP values of 20-30 mmHg represents mild 
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intracranial hypertension, 30-40 mmHg represent moderate intracranial hypertension, values of 40 

mmHg or above represent severe, life threatening hypertension8 and the mortality rate is 65%.14 In 

cases where the ICP reached 60 mmHg, the mortality rate was 100%.14 ICP monitoring should be 

initiated with patients who have a GCS of ≤ 8, a minimum ICP value of 20 mmHg, and evidence 

of a damage to the brain structure.8  

The Human Eye: An Overview  

 While the eye is small, less than an inch in diameter, it contains complex structures that are 

essential for proper function.15 The outermost transparent layer of the eye is the cornea. The cornea 

is relatively spherical with a thickness of 0.5 mm and a radius of curvature of approximately 8 

mm.16 The majority of the refracting power of the eye is provided by the cornea and focuses the 

light that comes into the eye. The anterior chamber is the fluid-filled space immediately behind 

the cornea.15 The chamber is approximately 3 mm in depth and contains the fluid called the 

aqueous humour.16 The pupil is the round opening in the center of the eye. In bright light settings, 

the pupil will constrict to reduce the amount of light entering the eye. In dim light settings, the 

pupil will dilate to allow more light to enter the eye. The iris is the colored portion of the eye that 

surrounds the pupil.16 Although it may seem purely cosmetic, the iris acts as a diaphragm, 

controlling the amount of light that is allowed to reach the retina.16 This function is enabled by the 

muscles of the iris. The lens is located behind the pupil and iris, it is a clear, flexible structure that 

is noted as being 3.6 mm thick in the relaxed state.16 The lens is constantly in flux, becoming 

thinner or thicker, to fine focus light onto the retina. The retina is the light sensitive tissue located 

at the back of the eye. The retina is an extension of the central nervous system and connected to 

the brain by the optic nerve.  
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Figure 3: Anatomy of the eye.17 

 

 
Figure 4: Representative dimensions of the eye in millimeters and refractive indices of the relaxed eye. Image used 

with permission from Elsevier.16 

Cranial Nerves  

Cranial nerves (CNs) are nerves that emerge from the bottom surface of the brain and the 

brain stem directly, not to be confused with spinal nerves, which emerge from the spinal cord.18 

There are twelve pairs of cranial nerves. Of the twelve CN pairs, two arise from the cerebrum 
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while the others originate from the brain stem.18 The main functions of the CNs are muscle control 

and aiding sensory interpretation by the brain. CNs are generally named according to their structure 

or function. All CNs are also assigned a Roman numeral. The numbering is established by the CNs 

position from front to back when viewing the brain.18 The CNs are classified as follows: 

● Olfactory Nerve (I) 

● Optic Nerve (II) 

● Oculomotor Nerve (III) 

● Trochlear Nerve (IV) 

● Trigeminal Nerve (V) 

● Abducens Nerve (VI) 

● Facial Nerve (VII) 

● Vestibulocochlear Nerve (VIII) 

● Glossopharyngeal Nerve (IX) 

● Vagus Nerve (X) 

● Accessory Nerve (XI) 

● Hypoglossal Nerve (XII) 

Cranial nerves can be damaged through various methods: compression, stroke, inflammation, 

or other means. Compression of the nerves generally occurs due to increased ICP, intracerebral 

hemorrhage, or a tumor that interferes with the transmission of impulses along the nerve.19 

Occlusion of blood vessels that supply the cranial nerves19 and inflammation caused by infection20 

can impair the function of cranial nerves. Other methods of damage are head trauma and injury to 

the nerves as a result of neurosurgery (e.g., tumor removal).19 

Pupillary Light Reflex  

The pupillary light reflex (PLR) refers to the constriction or dilation of the pupil diameter 

in response to a change in light intensity (illumination) on the retina. The typical range for pupil 

diameter is about 2 mm at high illumination to 8 mm in darkness with the resting diameter around 

5 mm.16 Under normal light levels, the pupil fluctuates in size at a temporal frequency of 

approximately 1.4 Hz.16 When exposed to low light levels, there is a latency of 0.5 seconds before 

the pupil constricts.16 As the intensity of stimulating light increases, the latency reduces to 0.2-0.3 

seconds.16  



 

 

22 

The direct PLR is the constriction of the pupil of the eye that is illuminated. For example, 

if light is shown in the right eye, the pupil of the right eye will constrict. The consensual PLR 

response is the constriction of the pupil of the eye opposite to the eye that is stimulated by 

illumination. For example, if light is shown in the right eye, the pupil of the left eye will also 

constrict. The reflex is considered to be bilateral because the retinas of both eyes are connected to 

both optic tracts and both optic tracts are connected to both oculomotor nuclei.21 The adjustment 

of pupil diameter is carried out by the iris’ two sets of smooth muscle, the iris sphincter muscle 

and the iris dilator muscle.21 The iris sphincter muscle encircles the pupil of the eye and acts as the 

constrictor of the pupil.21 The iris dilator muscle runs radially in the iris and acts as the dilator of 

the pupil.21 

Pupillary Light Reflex Neural Pathway  

 The pathway for the pupillary constriction of each eye has an afferent limb that takes 

sensory information to the midbrain and two efferent limbs, one for each eye.22 The optic nerve 

(CN II) carries nerve fibers for the afferent limb of the pupillary reflex. The oculomotor nerve (CN 

III) carries nerve fibers for each of the efferent limbs of the pupillary reflex. Anatomically, the 

afferent is comprised of the retina, the optic nerve, and the pretectal nucleus in the midbrain, 

located all on the same side. The retina’s ganglion cells project fibers through the optic nerve to 

the ipsilateral pretectal nucleus.22 The efferent limb originates from the pretectal nucleus via the 

Edinger-Westphal nuclei to the ciliary sphincter muscle of the iris.22 Crossed and uncrossed fibers 

from the pretectal nucleus connect to the ipsilateral and contralateral Edinger-Westphal nuclei, 

located in the midbrain.22 From each Edinger-Westphal nucleus, preganglionic parasympathetic 

fibers exit with the oculomotor nerve and synapse with postganglionic parasympathetic neurons 

in the ciliary ganglion.22 The ciliary ganglion innervates the iris sphincter.22 
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Impaired Pupillary Light Reflex 

 When functioning correctly the pupils are isocoric, or equal in size, and constrict equally 

in response to light. However, when the pupils are uneven, comparing the direct and consensual 

response to light in both eyes aids in locating a lesion. This is done by recalling that the afferent 

signal relies on retina and optic nerve (II) while the oculomotor nerve (III) contributes the efferent 

signal of both direct and consensual reflexes.22 

 If the optic nerve of right eye is damaged, the direct light reflex of that eye is lost as well 

as the consensual response in the left eye because it receives no signal.22 However, the oculomotor 

nerve in the right eye is intact so it will still constrict when light is shone on the left eye. If the 

optic nerve of the left eye is damaged then when light is shown into a functioning right eye, the 

left eye will still show a consensual response because its oculomotor nerve is intact.22 In the 

scenario that the oculomotor nerve right eye is damaged, it can produce no direct response as the 

motor component is lost. Although the optic nerve can still convey the afferent signal so that the 

left eye will still constrict consensually to light. Lastly if the left eye’s oculomotor nerve is 

damaged and light is shone into a functioning right eye, there is no consensual constriction of the 

left eye.22  

Devices for Pupil Assessment  

 The most basic device used for measuring pupil diameter is the Haab Scale. The device has 

black circles painted on its surface that gradually increase in size and are used as a comparison by 

holding it up to the subject’s pupil.23 The drawback of using the Haab Scale is that it relies on the 

judgement of the observer and measurements vary greatly between observers. The infrared 

pupillometer is the current standard in technology allowing for more objective assessments of pupil 

reactivity. The infrared pupillometer is comprised of a large camera sensitive for detecting infrared 
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light and two infrared side lamps for pupil illumination. Accurate measurements that may be 

acquired include maximum and minimum aperture, constriction and dilation velocities, and finally 

latency periods.24 

The market currently consists of pupillometers produced by various brands such as 

Colvard, Procyon, and NeurOptics. Most of these are used in ophthalmology; however, the 

NeurOptics NPi-200 pupillometer is the only portable pupillometer that was specifically 

designed to assess TBI patients.25 Limitations of the NeurOptics pupillometer are that it is 

monocular e.g., it can only measure the response of one eye at a time and thus it cannot be used to 

record the consensual response, and the pupilometer is hand held and thus requires frequent 

involvement of a clinician. 

Clinical Uses for Pupillary Light Response  

Certain conditions affect the pupil by causing abnormalities in size or reactivity. These 

conditions may involve the afferent pathway or the efferent pathway of the pupillary reflex. It 

should be noted that pupil abnormalities can also be caused certain medications, recreational drugs, 

or even alcohol. Comprehensive examination and testing should be used to eliminate these outside 

causes of pupil abnormalities.22 As mentioned previously, Anisocoria refers to the unequal size of 

the pupils and occurs physiologically, without harm, in 20% of the population.22 However, as a 

new onset or where not physiological, Anisocoria can indicate a problem of the efferent pathway, 

either parasympathetic or sympathetic. 22 The defining difference in pupil size that qualifies as 

Anisocoria is 0.4 mm or more. It should be noted that despite the inequality, both pupils should 

still react normally to light.  Anisocoria has various causes including Horner’s syndrome, Adie 

tonic pupil, or oculomotor nerve palsy.  
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Horner’s syndrome is a rare disorder caused by damage to or disruption of the sympathetic 

nerve supply from the brain to the face and eye on one side of the body.26 The sympathetic nerves, 

also referred to as the sympathetic trunk, arise from the spinal cord in the chest and then ascend to 

the neck and face. Horner’s syndrome is characterized by three major signs: miosis (a constricted 

pupil), partial ptosis (a weak, droopy eyelid), and apparent anhidrosis (decreased or absence of 

facial sweating).26 The PLR is maintained as this is controlled by the parasympathetic nervous 

system. However, the interruption of sympathetic trunk inactivates the dilator muscle of the eye 

and as a result miosis occurs. Horner’s syndrome is usually a result of disease, but other causes 

include stroke, tumor, or spinal cord injury.26 

Adie’s Tonic Pupil or Holmes-Adie syndrome is another rare neurological disorder 

characterized by a dilated pupil that reacts slowly to light but briskly to accommodation (i.e., near-

light dissociation).27 Initially the affected pupil will be larger than the unaffected pupil but 

eventually it will become smaller than the unaffected pupil. It occurs as a result of damage to the 

ciliary ganglion or the postganglionic fibers of the parasympathetic innervation to the iris sphincter 

and ciliary muscle, caused by viral or bacterial infection, trauma, vasospasm due to migraine, 

ocular surgery, and tumors.27 The majority of cases of Adie’s pupil occur in women between 30-

40 years old. The disorder is considered benign. 

Another example of a disorder that involves near-light dissociation are Argyll Robertson 

(AR) pupils, or colloquially the “prostitute’s pupils”, which are characterized by bilaterally small 

pupils that do not constrict when exposed to bright light but will constrict on a near object (for 

accommodation).22 Argyll Robertson pupils are considered highly specific to neurosyphilis, but 

they can also be caused in rare cases by diabetic neuropathy.22 AR pupils are extremely uncommon 

in the developed world.22  
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In TBI management and prognosis, abnormalities in the pupillary response, such as any of 

the previously mentioned disorders, are associated with neurological deterioration and correlations 

have been made between them and poor TBI patient outcomes. Subtle changes in the velocity of 

pupils correlates with changes in intracranial pressure (ICP).8 High ICPs have been associated with 

pupillary abnormalities in patients with TBI.  

The Electromagnetic Spectrum  

 The electromagnetic (EM) spectrum is the entire distribution of EM radiation according to 

frequency or wavelength.28 Light, one specific type of EM radiation, makes up only a small portion 

of the spectrum and is characterized by the length of radiation given in terms of wavelength or 

lambda ().28 Wavelength is most commonly measured in nanometers (nm or 10-9 meters) or 

micrometers (m or 10-6 meters). The relevant wavelengths for this project fall within the visible 

and infrared ranges. Visible rays, defined to be between 400-750 nm, comprise the portion of the 

spectrum that can be perceived with the human eye and make up the colors people see.16 The 

infrared (IR) rays, defined to be between 750 nm- 1000 m, are not visible to the human eye, 

however IR radiation can be detected as a sensation of warmth on the skin.16 IR radiation can be 

reduced even further into three sub-ranges: near IR (750 nm- 3m), mid wave IR (3-30m), and 

far IR (30-1000m).16 

Spectral Sensitivity of the Eye 

 Since the eye is the organ responsible for light sensing, understanding how the eye interacts 

with light is of great importance. First not all light that enters the eye is used in the formation of 

an image on the retina, some light is reflected, scattered, and absorbed, a small portion of that 

absorbed light is re-emitted as fluorescence.16 Intense levels of light can damage the eye, 

specifically, nearby bands of the EM spectrum such as ultraviolet (UV) and IR radiation.  
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Light Sensing  

 The eye is able to sense light by the stimulation of the cones and rods in the retina and by 

signals sent to the visual centers of the brain.16 It is important to note that a visual sensation can 

also be caused by other means if the cells are stimulated by chemicals, X-rays, or a pressure from 

a blow to the head. The retina is composed of a number of layers including various cellular and 

pigmented layers as well as a nerve fiber layer.16 There is a layer of light sensitive cells at the back 

of the retina which can only be reached by passing through the other layers.16 These cells are of 

two types: rods and cones.16 The cells are named based off their appearance. Rods can best be 

described as highly sensitive low-level light detectors, while cones function at higher light levels.16 

The rods are described as being more sensitive, however much of this is because of the neural 

wiring rather than a difference between cones and rods.16 Atchison describes the “ retinal neural 

network of rods is such that the output of 100 rods can combine on the way to the brain, so that 

the rod system has very high sensitivity to light but poor spatial resolution.16 ” The cone system 

combines fewer outputs so the cone system functions at greater light levels and has better spatial 

resolution.16 There are approximately 100 million rod cells in the retina and 5 million cones.16 The 

rods do not contribute to color vision. The cones are responsible for color vision and there are three 

types of cones, each with different wavelength sensitivities: L (long, red), M (medium, green), and 

S (short, blue).16 

 The spectral response curve of the eye is relatively bell shaped, with its shape and position 

depending on the light level. There are two curves which have been identified for the extremes of 

light level; one for moderate to high levels and one for low levels. In moderate to high light levels, 

the cones dominate, and colors can be seen. This spectral response is called photopic response.16 

In low levels of light, the rods dominate, and color is not distinguished. This is called scotopic 
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response. In between these two extremes of light levels, the rods and cones are both functioning, 

and this is called the mesopic range. The shift in the spectral sensitivity between photopic and 

scotopic regions is called the Purkinje shift.16 

Photometry 

 Photometry is the science of the measurement of the perceived brightness of light to the 

human eye. There are four basic photometric quantities: luminous flux, luminous intensity, 

luminance, and illuminance. Luminous flux (F) is the measure of the perceived total amount of 

light in a beam and has the SI unit of lumens (lm).16 Luminous Intensity (I) is a measure of the 

brightness of a point source of light.16 The SI unit for luminous intensity is the candela (cd). 

Luminance (L) is the measure of ‘brightness’ of an extended source, more to the point it is 

luminous intensity per unit area.16 The SI unit for luminance is candela per square meter (cd/m2). 

Illuminance (E) is a measure of luminous flux density incident on a surface and has the unit of 

lumen per square meter (lm/m2 or lux).16 
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Fundamentals of an Imaging System 

 

Figure 5: Illustration of the fundamental parameters of an imaging system. Image provided by Edmund Optics.29 

 

Field of View (FOV): The viewable area of the object under inspection. It is the portion of the 

object that fills the camera’s sensor. The FOV can be specified as units of distance such as 

millimeters (mm) or as an angle.29  

Working Distance (WD): The distance from the front of the lens to the object under inspection.29  

Resolution: The minimum feature size of the object under inspection that can be distinguished by 

the imaging system.29  

Depth of Field (DOF): The maximum object depth that can be maintained entirely in acceptable 

focus. DOF is also the amount of movement object under inspection is allowed while maintaining 

focus.29  
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Sensor Size: The size of a camera sensor’s active area. This is typically specified in the horizontal 

dimension.29 

Focal Length (for simple, thin convex lens): Distance from the back of the lens to the plane of the 

image formed of an object placed at infinity far in front of the lens.29 

Angular FOV: The full angle in degrees associated with the horizontal dimension (width) of the 

sensor that the lens is to be used with.29 
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Chapter 2: Device Design 

Design Specifications  

 The specification for the pupillary device details all the factors that the design must 

satisfy. The specifications are as follows: 

• Small design for device placement on the sclera of the eyes of anesthetized or comatose 

patients. 

• Sensing component for detection of 2D pupil changes in real time that is sensitive to both 

visible and infrared wavelengths, capable of capturing 30 or more frames per second 

(FPS) (comparable to market pupillometers), and wire connection to PC for data 

processing. 

• Illumination source for stimulating pupil responses. 

• Infrared illumination source for recording light. 

• All components of the device are sterilized or can be sterilized. 

• All components are disposable. 
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Figure 6: Representation of the location of the components that make up the pupillary device. 

 

Imaging Module  

The NanEye 2D sensor produced by Awaiba is an extremely small, low-power camera 

module containing a CMOS image sensor and an optional integrated lens.30 It was originally 

designed for applications such as medical endoscopy, dental imaging, guide wire visualization, 

and intubation equipment visualization. The NanEye boasts a footprint of 1.0 x 1.0 mm, has a 

resolution of 250 x 250 pixels at a 3𝜇m pitch, a voltage supply range of 1.8-2.4V, and has an 

operating temperature range of 0°-60°C.30 The module is mounted on a flat ribbon cable measuring 

up to 3 meters in length and connects to the Awaiba base station.30 This base station is then 

connected to a PC via a standard USB cable that can measure up to 5 meters in length. The camera 

offers fully self-timed readout, 10-bit AD conversion, and serial image data transmission over low 

voltage differential signaling (LVDS).30 The NanEye is a true system on a chip which means it is 

not limited by the need for a close external component to power the sensor.30 With an average 
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frame rate of 44 frames per second (FPS), the NanEye is capable of capturing at a comparable rate 

to pupillometers currently on the market. The data sheet for Awaiba’s NanEye has been included 

in Appendix D.  

The option of including a miniature lens mounted directly on the image sensor is available 

as well. No mechanical focus is required, as the placement for the position of best focus has been 

predetermined and implemented in the design.30 The lens material is most similar to B33 

(Borofloat glass).30 Specifics about the design of the lens mention that the surface of the lens 

towards the object is flat, and therefore it can be inferred that the lens must be a plano-convex lens. 

This design decision is justified with the explanation that this enables lens performance to be 

unaffected by the medium between object and the lens. The proof of this has been included 

Appendix G. Only the opening angle of the lens is reduced when the system operates in water.30 

The lens configuration chosen for the device offers the shortest effective focal length of 0.45mm 

and the widest field of view at 160° (diagonal in air) or 95° (diagonal in water).30 

Awaiba offers the option of a black and white or a color version of the NanEye. The spectral 

response of the NanEye, defined as the sensitivity of the photosensor to detect light of different 

wavelengths, varies between the two versions.30 The black and white version allows the sensor to 

detect wavelengths in the visible range as well as the infrared range due to the lack of an IR 

blocking filter. The black and white NanEye can detect wavelengths from 400-900 nm.30 
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Figure 7: Spectral Sensitivity of Awaiba's black and white NanEye sensor.30 

 

The NanEye was selected as the imaging component for this device based on the necessary 

small overall footprint promoting reduced device size for on or near eye placement. The various 

options for lens configuration provide the wide field of view needed to capture the eye despite a 

small working distance, and freedom to operate in multiple mediums. Lastly, its relative spectral 

response allows sensitivity to visible and infrared light. The NanEye, though manufactured by 

Awaiba which was later acquired by Cmosis, is distributed by Mouser Electronics. The NanEye 

module chosen for this device has the following specifications: black and white, micro lens 

included, F# of 2.4, diagonal FOV of 160 in air, and an un-bended cable of length 2 meters.  
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NanEye USB3 Evaluation Kit  

To accompany the NanEye image sensor, Awaiba designed an evaluation kit that includes 

a base station and software to run the sensor with a PC in real time with all necessary image 

corrections. The kit is that is composed of two boards, one board features a field programmable 

gate array (FPGA) and the USB3 interface, the second board is specifically for use with the 

NanEye sensor.31 The FPGA/USB3 board is an embedded module featuring a XILINX 

SPARTAN-6 FPGA in conjunction with the CYPRESS FX3 SuperSpeed USB 3.0 interface 

controller. The FPGA/ USB3 board has connectors to power up to 4 NanEye sensors and receive 

image data.31 The connectors are labeled J1-J4. The specific board used with the NanEye included 

in the pupillary device is the USB3 v.2.2.  

 

Figure 8: NanEye FPGA/USB3 board. Connections (J1-J4) for up to 4 NanEye camera are shown within the red 

boxes, and the USB3 plug is also shown. 
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Illumination 

When deciding upon the illumination source to be used for the device, size is a design 

constraint. Reasonably the light emitting diodes (LEDs) must be mere millimeters in size. Surface 

mount devices (SMD) are low power, perfect for compact designs, and cost efficient. SMD LEDs 

are available in a variety of colors and packing sizes. The light beam is greatly unfocused and 

therefore SMD LEDs have wide viewing angles. SMD LEDs are offered in 4 sizes designated 

0402, 0603, 0805, and 1206, with 0402 being the smallest and 1206 being the largest. SMD LEDs 

are generally described as being difficult to handle as they are shipped in taped reel packaging 

meant for an automated assembly and lack wires. However, hobbyists have shown that wire can 

be soldered by hand with a fine tipped soldering iron and steady hands. An important consideration 

is selecting a SMD LED for recording pupil responses does not stimulate the light reflex. In other 

words, an LED is required that has a wavelength that falls within the spectral sensitivity of the 

NanEye range (400-900 nm), but outside wavelength visible to the human eye (300-750nm). The 

necessary infrared LED for serving as the device’s recording illumination source would ideally 

have a wavelength between 750-900 nm. The SMD LED selected for use in the device has a 

specified wavelength of 850 nm.  

Eye Safety Using IR Radiation  

The task of reducing harmful exposure of the eye to radiation is a vital design consideration. 

The skin and eyes absorb IR radiation as heat, and excessive exposure to near IR can damage the 

cornea and retina. The damage occurs because IR light produces very weak visual stimulus, and 

the normal aversion response does not respond to reduce the amount of IR radiation allowed to 

reach the retina. Typically, over-exposure is described as a manifestation of the sensation of heat 

and pain. In order to reduce over-exposure incidents, the International Electrotechnical 
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Commission (IEC) has established standards for human eye safety with various radiation sources.32 

Two documents were created to deal with laser and lamp sources titled Document IEC-60825 and 

Document IEC-6247132 respectively. Originally light emitting diodes were included in the laser 

safety document. After 2006, the growth of solid state light prompted the revaluation and transfer 

of general illumination LED components to the lamp safety standard.33 To date, LEDs have not 

been shown to cause damage.33  

 
Figure 9: Potential adverse effects and penetration depth of visible and IR radiation34  

 

Document IEC-62471 titled Photobiological Safety of Lamps and Lamp Systems covers 

LEDs and specifies exposure limits that should not be exceeded.33 The exposure limit (EL) values 

used here are taken from the International Commission of Non-Ionizing Radiation Protection 

(ICNIRP) guidelines which are formed from the best available experimental studies.33 The ELs 

represent conditions where members of the general population may be repeatedly exposed without 

adverse effects. Also, the ELs included apply only to continuous sources where the exposure 

durations are greater than 0.01 ms and less than any 8-hour span.33 It must be mentioned that these 

limits are in no way definitive division of safe versus unsafe levels.  
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IR Radiation Hazard Exposure Limits  

This section will discuss two types of hazard IR radiation ELs as they relate to the eye: 

corneal hazard and retinal thermal hazard.33 For wavelengths within the range of 780-3000 nm, 

the maximum allowable ocular exposure to IR (EIR) is defined as follows for corneal hazard 33: 

For exposure times t  1000 s (time dependent): 

EIR = ∑ 𝐸
=3000
=780     18000 • 𝑡−0.75[W • 𝑚−2]     (EQ. 1) 

For exposure times t  1000 s, the limit becomes a fixed value as shown below:  

EIR = ∑ E
=3000
=780     100 [W • m−2]   (EQ. 2) 

- EIR is the max allowed ocular exposure to IR radiation 

- E is spectral irradiance (W-m-2-nm-1) 

-  is the spectral bandwidth of the source (nm) 

- t is the exposure duration (s) 

 

Total irradiance (Ee) 

Ee =  
Ie

d2    (EQ. 3) 

 

- Ie is the IR LED radiant intensity (W-sr-1) 

- d is the distance between the source and eye (m) 

 

For wavelengths within the range 780 -1400 nm, the retinal thermal hazard EL for the near 

IR burn hazard weighted irradiance (LIR) for weak visual stimuli is defined as follows 33: 

For exposure times t  10s 

LIR =  ∑ L
=1400
 =780 • ℛ(λ)• ∆(λ) ≤

6000

α
[W• m2• sr−1]   (EQ. 4) 

- L is the spectral radiance (W-m-2-nm-1-sr-1) 

- ℛ is the burn hazard weighting function  

ℛ = 10{
700−𝜆

500
}
  (EQ. 5) 

- eff is the angular subtense (if t  10s eff = 0.011 radians) 
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An approximation can be used to determine the burn hazard weighted radiance for weak visual 

stimuli from the values found on IR LED datasheets using the equation below33: 

(LIR  ≈  
Ie• ℛ(λ) 

{(L+w)/2}2)   (EQ. 6) 

- L is the length of the active area of the light source 

- w is the width of the active area of the light source 

 

The IEC standards committee that prepared Document IEC-62471 also included risk 

classifications for lamps and LEDs.33 There are four groups or risk classifications: an exempt 

group, risk group 1 (low risk), risk group 2 (moderate risk), and risk group 3 (high risk).33 The 

definitions of the four risk classifications relative to near IR illumination are as follows: 

Exempt group: Any device that does not pose: an IR radiation hazard for the eye (EIR) within 1000 

seconds (16.67 minutes), a retinal thermal hazard (LR) within 10 seconds, nor a near IR retinal 

hazard without a strong visual stimulus (LIR) within 1000 seconds (16.67 minutes).33  

Risk Group 1 (Low Risk): Any device that exceeds the limits for the exempt group but does not 

pose: an IR radiation hazard for the eye (EIR) within 100 seconds, a retinal thermal hazard (LR) 

within 10 seconds, nor a near IR retinal hazard without a strong visual stimulus (LIR) within 100 

seconds.33  

Risk Group 2 (Moderate Risk): Any device that exceeds the limits for risk group 1 but does not 

pose: an IR radiation hazard for the eye (EIR) within 0.25 seconds, a retinal thermal hazard (LR) 

within 10 seconds, nor a near IR retinal hazard without a strong visual stimulus (LIR) within 10 

seconds.33 

Risk Group 3 (High Risk): Any device that exceeds the limits of risk group 2 is in risk group 3.33 

 

Table 3: Emission Limits for Risk Groups 33 
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In order to classify the pupillary device under the exempt group heading, calculations were 

performed to determine the needed IR LED specifications for use with the device. The calculations 

were performed with the assumed distance (d) of 1.5 mm between the source and the eye. This is 

a modest and conservative estimate of the space between the IR LED and the eye. In reality this 

distance is increased and therefore the risk should be even more reduced. The LED data sheets are 

included in Appendix E - LED Datasheets, and the calculations can be found in Appendix F - IR 

LED Safety Calculations.  

SMD LED Wire Soldering  

Materials: 

● 36 AWG red Teflon coated wire (1 meter) 

● 36 AWG black Teflon coated wire (1 meter) 

● Jokari 40015 SWS-Plus Mini-Precision Stripping Tool for Cable Stripping, 36 AWG 

(0.12mm) 

● MLTOOLS Helping Hands Third Hand Soldering Tool and Vise with Sturdy Steel Base 

● 0.3 mm lead rosin core solder 

● ChipQuik SMD-291 No Clean Flux in 10cc. (1 Ounce) Syringe with Nozzle 

● 0805 850 nm IR SMD LED 

● 0603 White SMD LED 

● Hakko FX888D-23BY Digital Soldering Station FX-888D FX-888 (blue & yellow) 

● Hakko FA400-04 Bench Top ESD-Safe Smoke Absorber 
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● Fine T18-I solder tip 

● Double sided tape 

● tweezers 

● magnifier  

Procedure:  

1. Allowed the soldering iron to preheat and reach a temperature of 700F. 

2. Used the wire stripper to remove 0.25 inch of Teflon insulation from both ends of red and 

black Teflon coated wire cut in 1-meter segments.  

3. Tinned the insulation stripped ends of both red and black wire with the solder. 

4. Under a magnifier, placed a strip of the double-sided tape down on the stage of Helping 

Hands tool as a means of holding the SMD LEDs in place while attaching wire. Placed the 

SMD LEDs on the tape with the solder pads facing up using the tweezers.  

5. Applied liquid flux to the solder pads as quickly as possible the LEDs will begin to oxidize 

once exposed.  

6. Tinned the solder pads of the LED at a temperature of approximately 500°F.  

7. Soldered one end of wire leads to the solder pad quickly. Soldered the red wire to the 

positive end of the solder pad and the black end to the negative side. Note excess exposure 

to high heat can damage the SMD LEDs beyond repair.  

8. The other end of the wire that is not soldered to LED pads will remain as is until device 

assembly begins. The next steps for this are included in the Device Assembly section.  
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Figure 10: Diagram of placement of wires soldered to SMD LEDs.  

Arduino  

 Arduino is an open source computer hardware and software company.35 They manufacture 

microcontrollers and microcontroller kits for electronics projects, as well as an Integrated 

Development Environment (IDE) that is used to write and upload computer code (via USB cable) 

to the microcontroller.35 The IDE uses a simplified version of C++. The Arduino Uno is the most 

popular board offered by Arduino and the one used as a means of controlling the LEDs of the 

pupillary device. It has 6 analog inputs, 14 digital input/output pins, 6 of which are capable of 

Pulse Width Modulation (PWM).35 The operating voltage is given as 5V but has an input voltage 

range of 7-12V. The DC current per I/O pin is 20mA.35 The Arduino microcontroller is used to 

power the LEDs and the IDE is programmed to control the LEDs used in the pupillary device. The 

code for the Arduino has been included in Appendix B – LED Controlling Arduino Code.  
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Pupillary Device Design 

Base 

The component that serves as the device’s base must be biocompatible and serializable as 

this particular component comes in direct contact with the cornea. The base of the pupillary device 

is a corneal protector i.e., corneal shield. Corneal shields, used interchangeably with corneal 

protectors, are composed of Poly (methyl methacrylate) (PMMA), commonly known as acrylic, 

and used to protect the cornea from damage during periorbital procedures. Dimensions allow the 

shields to rest on the sclera of the eye and not the cornea. These shields come in multiple sizes to 

fit the globe of the eye like small (21x18mm), medium (22x21mm), large (24x22mm), and 

occasionally pediatric (18x14 mm). The thickness of the corneal shield was estimated to be 

between 1-1.5 mm in thickness. They are also offered in a more than one color. Corneal shields 

can be sterilized using Ethylene Oxide (EtO) gas.36 

 

Figure 11: Clear steep radius corneal protector, purchased from Kolberg Corneal Protectors, resting on a 2 mm eye 

model. 

 

Corneal shields are categorized by the Food and Drug Administration (FDA) under the 

heading of ophthalmic eye shields which are defined as Class I devices that consist of a plastic or 

aluminum eye covering intended to protect the eye or retain dressing materials in place.37 As stated 
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by the Code of Federal Regulations (CFR), when made up entirely of either plastic or aluminum, 

the device is exempt from the premarket notification procedures in subpart E in part 807 of Chapter 

I subject to §886.9.37 The device is also exempt from the good manufacturing practices 

requirements of the quality system regulation in part 820 of Chapter I. The information mentioned 

can be found in the CFR Title 21: Chapter I: Subchapter H: Part 886.37  

For the pupillary device, pediatric steep radius corneal shields were purchased from 

Kolberg Ocular Supplies, Inc. in clear. The posterior curve of the shield is stated as being based 

on a 46.00 diopter radius which is approximately 7.34mm.36 The pediatric shield or the small shield 

had dimensions that seemed most appropriate for the animal study to be performed on rabbits, but 

for use in humans a larger size shield would be ideal. 

3D Printed Mount 

 Awaiba’s NanEye boasts a wide 160 field of view in air achieved through the 

implementation of a wide-angle lens. Wide angle lenses have intrinsic barrel distortion, which 

causes lines to appear to bulge outward toward the viewer, this happens because the field of view 

of the lens is much wider than the size of the image sensor and has to be “compressed” to fit. While 

this wide FOV benefits the device design by allowing the NanEye to be placed on or near the 

surface of the eye, and still have much of the eye in view, it also makes detecting pupils of larger 

size more difficult as the edges of the pupil seem to stretch further back into the plane of the image. 

The simplest solution to address a pupil edge that has become indistinguishable due to distortion, 

when you cannot exchange the lens for another, is to move the NanEye further away from the pupil 

while still keeping it near the eye’s surface. This increases the working distance of the device.  

 The decision to create a 3D printed mount for the NanEye serves two purposes. It increases 

the working distance between the NanEye and the pupil and therefore allows more of the pupil to 
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be captured within the region of lesser distortion. The second purpose is to create a place for a user 

to pick up and maneuver the pupillary device. The mount for the NanEye was designed to be an 

addition that makes the pupillary device resemble corneal shields with handles. In order to design 

this camera mount, the optimal working distance for the NanEye camera was calculated and can 

be found in Appendix H. To capture a pupil of 8 mm, a working distance of 3.6 mm is required. 

In order to capture a 10 mm pupil, a working distance of 4.5 mm is required. The corneal shield 

adds only 1-1.5 mm between the eye’s surface and the camera. Additional space is required 

between the camera and the eye.  

The mount created in SolidWorks has been included in Appendix C - SolidWorks Mount 

with dimensions. The design resembles an upside-down funnel. The wide circular base that slopes 

inward is designed to not interfere with the wide field of view of the camera and provides a decent 

transition between the corneal shield and the mount. The base eventually narrows into a hollow 

column that serves as a handle for the user and is where the NanEye camera is housed. The exact 

placement of the NanEye is in a press fit slot at the base of the column and raises the camera an 

additional 2.25 mm above the corneal shield’s surface. 

Device Assembly 

 The assembly of the pupillary device begins with gluing the LEDs on the outer surface of 

base of the 3D printed handle which features holes for the light to pass through. The LEDs are 

glued in place with Gorilla Glue, which is waterproof, permanent, and slightly insulates the LEDs 

from exposure to liquid. The reason for leaving the wire ends as is during the LED wire soldering 

procedure is that it allows the free end of the wires attached to the LEDs to be pulled through the 

small holes in the side of the column of the handle and run up and out the column. This keeps the 

wires grouped together and mostly out of the user’s way. The tinned free end of the wire that was 
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not connected to the solder pad can now be wrapped around top of male Arduino header pins. This 

makes connecting the wire to the Arduino Uno board more effortless. The NanEye camera takes 

advantage of both press fit assembly and an adhesive, a thin coat of Poly(vinyl alcohol) (PVA), 

applied around the perimeter of the NanEye to remain in the column of the 3D printed handle. 

PVA is a synthetic polymer used as an ophthalmic lubricant to prevent irritation and alleviate eye 

dryness.38 PVA is water soluble and thus reversible,38 so the NanEye can be removed if necessary 

with ease by flushing the device with water. Also, over time the PVA adhesive remains transparent 

and flexible. Finally, the 3D printed handle with the camera in place and LEDs attached is glued 

to the corneal protector with a permanent glue. 

  

Figure 12: Assembled pupillary device on an eye model of realistic size. 

Discussion 

 The pupillary device serves as a proof of concept, and with that comes complications that 

must be addressed. Some of these complications were overcome in the timespan of this project, 

while other challenges encountered will be solved as the prototype evolves and is redesigned to 

bring it closer to a finalized, market ready product.  

The selection Awaiba’s NanEye camera introduced many obstacles that were specific to 

design of the NanEye itself. Specifications given for the NanEye that seemed advantageous when 
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selecting the imaging component for the pupillary device added unanticipated hurdles. One 

example of this is the NanEye’s wide FOV, attributed to the use of a wide-angle lens, produces a 

vast amount of distortion and spherical aberration, which made resolving the edges of larger pupils 

(e.g., pupils of 8 mm diameter) extremely difficult. The optical distortion produced by the 

NanEye’s lens would be classified as barrel distortion shown in Figure 13. Barrel distortion is 

when the straight lines within the image are curved inwards in a shape of a barrel. The reason for 

this is the field of view of the lens is much wider that the size of the image sensor and therefore it 

must be compressed to fit. Spherical aberration is also inherent to the design of NanEye camera, 

specifically its lens design. Spherical aberration is an optical problem that occurs when all the 

incoming light rays end up focusing at different points after passing through a spherical surface 

such as the lens used in the NanEye. In other words, the incoming light rays do not all converge 

on a single point. Due to this, the resolution or clarity of the object is affected. Usually the 

aberration produces a hazy or halo effect.  
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Figure 13: Normal view of 9x6 checkerboard taken by a digital camera in the left image, and NanEye view of 

standard 9x6 checkerboard illustrating the barrel distortion and spherical aberration on the right. 

 

Optical distortion can be fixed in post processing or by calibrating the camera to remove 

the distortion. Calibrating the NanEye seemed like the appropriate solution, however doing this 

would have come at the expense of the wide FOV which would have been reduced. With the 

removal of the distortion, a larger pupil would still not fit within the frame at the current location 

of the camera within the 3D printed mount, and the camera would have to be pushed further away 

from the eye. However, the distance the camera could be moved away from the eye was limited as 

this would hinder even the partial closure of the eyelid. A version of the NanEye is offered by 

Awaiba without the lens, this might allow the addition of a lens specifically designed for the device 

that could better accommodate the needed FOV. The approximate calculation for an ideal lens has 

been included in Appendix G - NanEye Lens Calculations.  

With using the NanEye, it was also difficult to identify the boundary of the pupil when the 

color of the iris is very dark. The contrast between the dark color of the iris and the black of the 
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pupil was minute when using the black and white version of the NanEye. Increasing the IR 

illumination level slightly improved this, but the light level can only be increased so much and still 

be classified within the exempt exposure group for safe IR use. Another issue is the LEDs create 

a reflection on the surface of the corneal shield that can sometimes be seen in the images. The 

reduction of level of light intensity alleviated some of this.  

The NanEye camera also proved relatively fragile and required gentle handling, especially 

the manual handling of the ribbon cable, when introducing it into the 3D printed mount. As of 

now, the handling during assembly is unavoidable in the current design of the device. Future 

iterations of the device may improve upon the design to require less handling of the NanEye. 

Though after assembly, the handle of the 3D printed mount provides a place for the clinician to 

pick up the device without having to grab the ribbon cable of the camera or the LED wires.  

Future iterations of this device could improve upon this proof of concept and explore 

potential avenues that could drive the prototype toward a finalized form. One area that seems very 

promising and should be more looked into for this device is the manufacturing techniques for 

producing plastic optics. The technique of interest is the use of injection molding. Injection 

molding for device production would allow the 3D printed mount with a handle and the corneal 

shield to be combined into one component. The space for the NanEye and LEDs could be included 

in the mold so that they are not filled with material. Injection molding the pupillary device would 

allow large quantities to be produced in a short amount of time.  
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Chapter 3: Software 

Program Specifications 

The specifications for the program detail all the tasks the code must be able to accomplish. 

The program specifications are as follows: 

• Ability to retrieve image data from Awaiba’s NanEye and transfer to a PC. 

• Capable of processing the image data to extract pupil parameters (diameter, latency, 

velocity) either directly or indirectly. 

• Can produce and display the data in a way that is easy to comprehend (e.g., graph or 

table) in real time. 

Awaiba’s Application Programming Interface (API) 

 Awaiba supplies documentation with the purchase of the NanEye module. Among these 

documents is Awaiba’s API which allows for NanEye communication and the receiving of images 

with Microsoft Visual Studio. Visual Studio is an integrated development environment (IDE) that 

is used to develop computer programs and applications. Examples of both C++ and C# projects 

were also included and demonstrate how to capture frames from the camera or video and then save 

them in certain file formats. The API and example projects provided by Awaiba served as the 

foundation on which the code for the pupillary device was constructed. Through this, image data 

is acquired with the NanEye and transferred via a high speed USB3 to the PC. Using Visual Studio 

2017, the frames are captured by the NanEye, transferred, and saved in the JPEG image format. 

Image Processing  

 Image processing with Visual Studio must be implemented through the use of an additional 

library of programming functions. OpenCV is a library mainly used for real time computer vision 
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and is free for both academic and commercial use under the open source BSD license. It is cross 

platform and has interfaces for C++, Python, and Java. Images from the NanEye were processed 

using OpenCV to extract pupil data.  

Image Thresholding  

 There are three types of thresholding for images: simple thresholding, adaptive 

thresholding, and Otsu’s thresholding.39 Simple thresholding compares the value of each pixel to 

a global threshold value, and if the pixel value is greater than the threshold value it is assigned one 

value (e.g., white) else it is assigned another value (e.g., black).39 In order to use this, the first 

argument should be the source image and that image must be a grayscale image. The second 

argument is the threshold value which is used to classify image pixel values. The third argument 

is the maxVal which represents the value to be assigned to pixels that are greater than the threshold 

value. The fourth parameter requires a choice between the different types of thresholding offered 

by OpenCV 39:  

cv.THRESH_BINARY 

cv.THRESH_BINARY_INV 

cv.THRESH_TRUNC 

cv.THRESH_TOZERO 

cv.THRESH_TOZERO_INV 
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Figure 14: Example of simple thresholding with threshold value of 127 and maxVal of 255.39  

 

Adaptive thresholding is the option to use when the image may be taken under lighting 

conditions that vary. In this method, an algorithm calculates the threshold value for small regions 

of the image.39 Therefore, different threshold values are generated for different regions of the same 

image. There are three input parameters and one output. The first parameter is the adaptive method 

and decides how the threshold value is calculated.39  

cv.ADAPTIVE_THRESH_MEAN_C: threshold value is the mean of the neighborhood area.39 

cv.ADAPTIVE_THRESH_GAUSSIAN_C: threshold value is the weighted sum of the 

neighborhood values where weights are a Gaussian window. 

The second parameter is the block size which decides the size of the neighborhood area or the 

small regions of the image. The third parameter is a constant which is subtracted from the mean 

or weighted mean calculated.39  
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Figure 15: Comparison of global thresholding vs. adaptive thresholding on an image with varying illumination.39 

 

Otsu’s thresholding differs from simple thresholding in the determination of the threshold 

value. The threshold value for simple thresholding is an arbitrary value, it could be a good selection 

for the image being processed or a bad selection, but it is chosen through trial and error.45 Using 

Otsu’s thresholding, the threshold value is automatically calculated from the image histogram for 

a bimodal image i.e. an image whose histogram has two peaks.39  

The code for the pupillary device uses an adaptive threshold. This method allows the 

detection of the pupil to adapt to different illumination levels without intervention.  

Morphological Transformations 
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 Morphological transformations are operations, normally performed on binary images, 

based on the shape or morphology of features in an image.40 The goal is to remove the 

imperfections in the image. The technique is to probe the image with a small shape or template 

called a structuring element, which is positioned in all possible locations within the image and 

compared with the corresponding neighborhood of pixels.40 The two basic morphological 

operations are erosion and dilation. Erosion, like soil erosion, erodes or strips away the boundaries 

of the foreground object.40 When probing with the kernel, a pixel from the original image (0 or 1) 

will be considered 1 only if all the pixels under the kernel are 1 as well, otherwise it is labeled 0 

and eroded. Dilation is the opposite of erosion; a pixel is considered 1 if at least one pixel under 

the kernel is 1.40 This increases the size of the foreground object. Usually when removing noise, 

and such is the case with the pupillary device code, erosion is followed by a dilation which is called 

Opening. This is performed because erosion removes the noise in the image, but it also shrinks the 

object. However, then a dilation is performed, and with the noise permanently removed, the 

object’s area increases.  

Image Smoothing 

 Images are blurred or smoothed in order to remove any noise from an image. This is 

performed by convolving the image with a low pass kernel filter removing all high frequency 

content like edges or noise.40 In image processing, a small matrix is called a kernel and represents 

a pixel neighborhood.40 The blurring technique used on the NanEye images is called Gaussian 

blurring. The Gaussian filter is the most useful filter, but it sacrifices speed. Gaussian filtering is 

done by convolving each point in the input array with a Gaussian kernel and then taking the sum 

of them all to produce the output array.40  

Canny Edge Detection 
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 Canny edge detection is the first function for feature detection. It locates the edges in an 

image using an algorithm. It allows the extraction of relevant structural information of different 

objects and vastly reduces the amount of data to be processed. The input parameters are the input 

image, the first threshold, and the second threshold for the hysteresis procedure. The only output 

parameter is the edge map.40 The edges of the input images are found and marked in the output 

edge map, which has the same size and type as the input image. The smallest value between the 

first and second threshold is used for edge linking, and the largest value is used to find the initial 

segments of strong edges.40  

Blob Detection 

 In OpenCV, a blob is a group of connected pixels in an image that share some property in 

common (e.g., grayscale value). The SimpleBlobDetector class is a simple algorithm controlled 

by parameters.40 The parameters for the SimpleBlobDetector can be used to filter all the blobs in 

an image and identify the desired type of blobs.  

Filter By Size: Filter blobs based on size by setting the minArea and maxArea e.g., setting a 

minArea = 100 will filter out blobs that have an area of less than 100 pixels.41 

Filter By Circularity: Measures how close to a circle the blob in question is. Circularity is defined 

by 
4𝜋𝐴𝑟𝑒𝑎

(𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟)2. The parameters minCircularity is inclusive and maxCircularity if exclusive. A 

circle has a circularity of 1, while a square has a circularity of 0.785.41 

Filter By Convexity: Convexity is defined as the area of the blob/area of its convex hull. The 

convex hull of a shape is the tightest convex shape that completely encloses the shape.41  

Filter by Inertia: Blobs are filtered by how elongated the shape is e.g., for a circle the inertia is 1, 

for an ellipse the value for inertia is between 0 and 1, and for a line the value is 0.41  
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Figure 16: Example of Blob Detection Parameters.41  

Pupil Diameter Extraction 

 A detector can be created that uses the specified parameters set by the programmer. The 

detector estimates the final centers of the blobs and the radii of the blobs and returns them as 

locations and sizes of keypoints.40 Additional parameters that are stored within keypoints include 

x and y coordinates of the keypoint and size (i.e., the diameter of the meaningful keypoint 

neighborhood).40 These values can be stored in a vector. From there you can draw the blob as a 

red circle and using DrawMatchesFlags::DRAW_RICH_KEYPOINTS ensures that the size of the 

red circle corresponds to the size of the blob.41  

Gnuplot 

 In order to graph the pupil data, it is necessary to acquire a third-party library, because 

generating a graph cannot be accomplished using Visual Studio or OpenCV. Gnuplot is a portable 

command line driven graphing utility for Linux, Microsoft Windows, macOS, Unix, and many 

other platforms.42 The source code is copyrighted but freely distributed.42 Gnuplot can be used 



 

 

57 

generate both 2D and 3D plots of functions and data. Gnuplot is the mechanism used to graph 

pupil data from the pupillary device.  

Finalized Code for NanEye  

 The NanEye C++ code was programmed in Visual Studio 2017. The program starts by 

capturing a frame and saving the image data in the .jpeg file format. From there the image is 

processed using OpenCV using the functions mentioned previously. After processing and 

extraction of relevant data, the image is deleted and replaced by the next available frame from the 

NanEye camera. The useful data (e.g., pupil diameter and from that latency and velocity) is stored 

in a .dat file with two columns. The first column includes the time that the image was received, 

and the second column includes the diameter of the pupil detected with image processing. From 

there the Gnuplot executable is launched to plot the data from the .dat file. After all frames have 

been processed and all data is collected, the graph stays open and at that time the graph can be 

saved by the user. The .dat file with the raw data is automatically saved and can be replotted by 

the user at a later time. The final version of the code has been included in Appendix A - Visual 

Studio C++ Code for Pupil Diameter Extraction.  

Graphical User Interface 

 In order to make controlling the pupillary device and capturing image data easier for the 

user, a graphical user interface, abbreviated GUI, was designed using Visual Studio C++. A GUI 

allows users to interact with electronic devices or a computer through the use of symbols, icons, 

or other visual indicators rather than using text commands or a command line. The GUI for the 

pupillary device features “Camera On” and “Camera Off” buttons which begin communication 

with Visual Studio and “Start” and “Stop” buttons for starting image capture for image processing 

and stopping image capture with the NanEye. Also featured are “On” and “Off” buttons for turning 
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the IR and visible LEDs on and off, a slider bar for setting the interval between visible light flashes, 

a window to display live images as they are collected, and a window for displaying the graph of 

pupil diameters versus time.  

 

Figure 17: Example GUI layout that may be used for controlling the pupillary device. 

 

Discussion 

 Designing a program to capture images and extract the relevant pupil data was a major 

aspect of this project. The choice of the developing environment where this program would be 

written was crucial.  Environments such as MATLAB or LabVIEW would have been ideal for this 

project as they are more commonly used and have very established toolboxes and third-party add-

ons. However, Awaiba’s USB3 FPGA board was designed for use only with Visual Studio, this 

brought about the choice of selecting a programming language to continue with, Visual Studio 

operates with either C++ or C#. C++ is considered to be the foundation language on which many 

other programming languages have been designed. C++ is also stated as being one of the hardest 
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languages to learn as a beginner and work with. C# on the other hand, has been promoted as being 

the more user-friendly language and an easier method for GUI design. With this knowledge, C# 

seemed like the clear choice. However, in order to perform image processing, OpenCV was needed 

and that can only be used with C++.  

Awaiba provided an API upon the purchase of the USB3 board that included some example 

code written in C++ how to perform basic interactions with the NanEye module. The API provided 

featured very little explanation for what the functions included in the examples did, and what 

would have been even more useful, what functions excluded from the example were to be used 

for. From the minimal amount of information provided within Awaiba’s API, it seems as if the 

programmers at Awaiba did not intend the NanEye to be used beyond the main operations of saving 

images and videos in their raw and processed forms. This made it much more difficult to begin 

building a program for the pupillary device that needed to go beyond the examples given.  

 Another point for discussion is that although the NanEye averages about 44 FPS, however 

it should be noted that the current code, included in Appendix A, is not able to capture every frame 

when executed in Visual Studio. After communicating with Awaiba’s technical support, some 

updated lines of code were acquired which improved the number of frames lost or missed but did 

not completely eliminate the issue. The number of frames that are captured still seem to be enough 

to compare to pupillometers on the market which has been specified as being about 30 or more 

FPS.  

 As described previously, the program captures and saves one frame at a time, and then 

process it and extract the pupil diameter using OpenCV. Then the frame is deleted and replaced 

with the next available frame. The frames must be saved because the computer does not recognize 

the NanEye as a webcam, and OpenCV can only read images from files or directly from a webcam. 
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The task of processing images delays the program and because of this, it is believed that frames 

are being lost, as the code is not yet ready to save the frame after it is grabbed. A possible way to 

address this, when image processing is the delay, would be to temporarily store the following 

frames in sequence and process them as previous frames are completed and deleted. This may 

introduce a lag in the graphing of data. However, the lag may only be detectable by the computer 

but not by the clinician. Despite, the possibility of some frames being lost, the graph still appears 

to be showing changes in real time from the perspective of the observer. 

 The pupil diameter is found with OpenCV at this time, and the other parameters latency 

and velocity must be calculated from the raw data. In the future, these values will be calculated for 

the user and output onto the generated graph. Currently the graph generated from the .dat file of 

pupil diameter over time in Gnuplot is plotted in a continuous graph. In the future, an improvement 

would be a modification where the graph generated by Gnuplot graphs the complete cycle of the 

pupillary response and then continues by overlaying the new data on the same graph. This would 

be quite useful in identifying trends in pupil responses.  

 Finally, in order to accomplish all the tasks of the pupillary device, Visual Studio, OpenCV, 

Gnuplot, and Arduino were all needed. In the future, the ideal program for the pupillary device 

would be able to accomplish all the tasks within one programming environment. Currently there 

does not appear to be any programming environment that would have this capability.  

 

 

 



 

 

61 

Chapter 4: Device and Software Testing  

Device Testing  

 Without the approval of the Institutional Animal Care and Use Committee (IACUC) or the 

approval of the Institutional Review Board (IRB), testing the pupillary device on animals or with 

human subjects was not an option available at the time of device development. In order to 

circumvent this, simulations were performed during the development phase that allowed the 

pupillary device to be tested using mock pupils, realistic eye models, and finally simulations using 

videos of dynamic pupillary light responses.  

Initially, testing was performed with two eye models of realistic size that were purchased 

from Gulden Ophthalmics. The first model featured a 2 mm pupil, and the other model featured 

an 8 mm pupil. Both models had brown for the iris color, but the shade of brown varies. The two 

models are shown side by side in Figure 18. These two eye models served as the starting point for 

testing the FOV of the NanEye camera. From the tests, it was determined that NanEye placement 

directly on the surface of the corneal shield was not sufficient to keep the 8 mm pupil of the eye 

model in the FOV. This is attributed to the NanEye’s minimum required working distance of 4 

mm and the lens included in the NanEye which introduces barrel distortion and spherical 

aberration. When viewing the 8 mm pupil with the NanEye, the edges are hard to detect for 

multiple reasons. The first reason is that barrel distortion and spherical aberration affect the outer 

perimeter of the frames more so than the center. Another reason is that the 8 mm pupil has a darker 

brown iris than that seen on the 2 mm model, and it makes it more difficult to distinguish the black 

pupil. This issue was addressed in two ways. The first was by including the 3D printed mount to 

add more working distance to the device design, which allowed more of the area of a larger sized 

pupil to be kept within the center region, which experiences less distortion and aberration. The 
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other change was adapting the method in which grayscale images, with less contrast, are 

thresholded using OpenCV functions in Visual Studio. The 3D 8 mm eye model still pushes the 

limits of what the pupillary device can detect, and improvements will need to be made in order to 

fully capture the pupil of this eye model.  

 

Figure 18: Realistic size eye models with 8 mm and 2 mm diameter pupils. 

 

The use of the 2 mm and 8 mm eye models served as an initial point for testing, however 

they provided limited insight on using the pupillary device to detect pupils of different sizes. As 

mentioned previously, the 2 mm 3D eye model was easily viewed with the NanEye placed directly 

on the corneal shield, i.e., without the addition of the 3D printed mount to add additional separation 

to increase the working distance. However, the 8 mm pupil was poorly distinguished. There is a 

relatively large difference in size between a 2 mm pupil and an 8 mm pupil, so another eye model 

of realistic size but with a pupil sized between 2 and 8 mm was sought but never found. In order 

to test the device on pupils of varying diameters, black circles were printed ranging in diameter 

from 1mm to 9 mm. These circles printed on paper were only 2D models and provided a less 
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accurate representation than the 3D eye models, but they were the best way to test the C++ code 

on different sized mock pupils. One thing to note about this method for testing is that the pupil 

printed on paper could never be positioned flush against the inner surface of a corneal shield and 

thus there was additional space, i.e., working distance between the mock pupils and the NanEye 

that would not be present using a 3D model. Using these mock pupil, a look up table of some kind 

can be generated in the future to convert pupil diameter in pixels to a millimeter value.  

Another useful test was printing a printed bull’s-eye or target with concentric, alternating 

black and white rings of increasing size from 2 mm to 12 mm. The innermost solid black ring was 

2 mm in diameter and every ring from there increased by 1 mm. The bull’s-eye was used to 

determine at what pupil diameter would the combination of contributing factors such as pupil size, 

distortion, and spherical aberration become too great, so that NanEye can no longer distinguish a 

particular ring. To carry out the test the bull’s-eye or target was cut out and taped to the inner 

surface of the corneal shield in order to remove the additional space that occurred when using 

mock pupils printed on paper. This helped to provide a more accurate assessment of what would 

occur when using a 3D pupil model that fit against the corneal shield.  
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Figure 19: Testing sheet including 2D mock pupils. 

 
Figure 20: Images captured using NanEye camera on corneal shield A) 2mm printed mock pupil B) 2 mm pupil of 

realistic eye model C) 8 mm printed mock pupil 
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Software Testing  

 The software was tested initially using just the NanEye camera and a white LED (for 

stimulating a dynamic pupil response). The camera and LED were held at some short distance 

away from the surface of the eye in order to record a video that could loaded into Visual Studio in 

order to test the steps for image processing. The video has poor contrast, as the illumination across 

was not uniform, and low resolution. However, the use of this video allowed for modifications to 

the code to prepare for situations where the pupillary device is used in a less than perfect setting. 

A video demonstrating some of the testing of image processing can be viewed using the link in the 

caption of Figure 21. An example of what was seen when testing the steps involved during image 

processing in Visual Studio and using OpenCV functions can be seen in the Figure 21. The first 

window, to the far left, shows the original video. The second window labeled as “Gray” shows the 

video after it has been through thresholding, and smoothed/ blurred to remove noise. The third 

window labeled as “Canny” shows the video after the Canny Edge Detection function has been 

performed. The fourth and final video, located to the far right, is labeled as “Keypoints” and shows 

the video after a blob detector has been used to identify circles that fit specific parameters specified 

within the C++ code. The “Keypoints” window also shows the red circle drawn to match the 

keypoints diameter which is the value of interest and what is determined to be the pupil diameter 

in pixels. The ability to view where the red circle is drawn allows assurance that the keypoints 

diameter is really accurately representing the pupil size.  
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Figure 21: View of image processing steps as seen when testing the code written in Visual Studio and using 

OpenCV functions. https://drive.google.com/file/d/14lHHH6QgzC-KCPbS4YnaC6tpB9WzeqVd/view?usp=sharing. 

 

Pupillary Light Reflex Simulation 

 The previously discussed software test was not performed with the assembled pupillary 

device, and the video used for the test was performed under less than desirable conditions. Once 

the pupillary device was completely assembled, a final real time simulation was performed to 

evaluate not only the device, but also the C++ image processing code and the Gnuplot graph 

generation. The planned simulation needed to be performed without the use of an animal or human 

subject and include a dynamic pupil light response captured in real time by the device. The idea 

for carrying out the simulation was to use a GIF of a dynamic pupil response found at the following 

link https://media.giphy.com/media/jYQHznKprtBrW/giphy.gif, and use the pupillary device to 

capture and process frames from it. The GIF is a short clip that shows a close-up view of an eye 

https://drive.google.com/file/d/14lHHH6QgzC-KCPbS4YnaC6tpB9WzeqVd/view?usp=sharing
https://media.giphy.com/media/jYQHznKprtBrW/giphy.gif
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with a light brown iris. The GIF starts with a blink of the eye followed by the constriction of the 

pupil, upon exposure to the light in the room, to its minimum diameter and then the brief beginning 

of pupil dilation. A cell phone was used to display the GIF, and the assembled pupillary device 

was positioned on the screen of the phone to capture the response. An image of this setup has been 

included in the Figure 22, and a link to a video showing device position on the cell phone while 

recording the pupil light response is included in the caption of Figure 22.  

 

Figure 22: Set up using GIF of a pupil light reflex on a cell phone and pupillary device. The link to the video is 

https://drive.google.com/file/d/1d-v4rWfWpKh7mdO9Zz6N6LBCzgSMREQg/view?usp=sharing 

 

The simulation produced a graph in real time that showed the blink of the eye, which served 

as an easily identifiable point represented in the graph by the drop-in pupil diameter to zero. This 

was followed by the immediate shoot up to the max diameter, seen when the eye opens, and then 

immediately begins to constrict in response to the ambient light level. The pupil constricted to its 

minimum diameter, and then began to dilate briefly before the GIF started again with a blink. The 

graph in Figure 23 represents what was seen in the pupillary light reflex GIF quite accurately. 

https://drive.google.com/file/d/1d-v4rWfWpKh7mdO9Zz6N6LBCzgSMREQg/view?usp=sharing
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However, upon initial inspection the simulation graph does not look like the expected PLR graph 

seen in Figure 1, but when only viewing the graph from the point of the eye opening to the 

beginning of dilation it more closely resembles the expected PLR graph. The slight variances in 

the graph have been attributed to slight shifts of the pupillary device as it was resting the phone 

screen’s surface while held in place by hand.  

 

Figure 23: Generated Gnuplot graph for GIF simulation. The link to view the graph generated in real time can be 

watched here https://drive.google.com/file/d/1SuGHrrTx2lzrc07qBjy63EU6hZB9Px-W/view?usp=sharing 

 

The tests and simulations performed served as a way to assess the pupillary device, the 

C++ image processing, and graph generation during the development phase. The next phase is 

testing the assembled device with a living model.  

Animal Study 

 The common goal of performing an animal study with a medical device is to test the ability 

of the device to function with living tissue without causing harm, in other words, to determine the 

https://drive.google.com/file/d/1SuGHrrTx2lzrc07qBjy63EU6hZB9Px-W/view?usp=sharing
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biocompatibility of the device. Another reason for testing medical devices is to assess the operation 

of the device when in contact with living tissue. The pupillary device animal study will be 

performed in accordance with an Institutional Animal Care and Use Committee (IACUC) protocol.  

 The testing of the pupillary device requires the selection of the most appropriate species 

for the study. The selection criteria for this device is similarity of ocular anatomy to that of humans. 

The species with eyes that are most similar to humans are primates and pigs, however replacement 

of these species is preferred whenever possible with a suitable “lower” species for the study that 

will still allow the same quality results.  

Rabbits were selected as the animal model to be used when performing the animal study 

on the pupillary device. Rabbits have a history of being used as animal models in ophthalmic 

research dating back nearly 200 years.43 Rabbits are generally docile, easy to handle, come in 

various sizes, and are economical in comparison to other mammals.43 The ocular anatomy of a 

rabbit is quite similar to that of a human, and therefore it remains one of the most frequently used 

research.43 Rabbits have eyes that are relatively large in comparison to the overall size of their 

bodies. This is advantageous because the pupillary device was designed for human use and thus 

does not need to be completely redesigned. The pupil range in size for a rabbit is 5-11 mm.43 An 

additional attribute of rabbits is their ability to resist blinking for long time intervals because they 

have a very stable tear film.43 This should reduce the amount of intervention needed to keep the 

eye moist while performing the study.  

Table 3: Ocular Dimensions Comparison 43 

 Rabbit Human 

Globe (mm)   

Anteroposterior  16-19 24 



 

 

70 

Horizontal 18-20 23.5 

Vertical  17-18  

Cornea Diameter (mm)   

Horizontal  15 11.7 

Vertical  13.5-14 10.6 

Radius of Curvature (mm) 7.0-7.5 7.5-8.0 

Corneal Thickness (mm)   

Center  0.3-0.4 0.5 

Peripheral  0.45 0.7-1.0 

Anterior Chamber depth (mm) 2.9  0.36 3.5  0.35 

 

 Although the animal study has been not carried out in the time of this project. We have 

proposed two animal studies as of now. The first study would be to test the pupillary device in 

contact with a living tissue and assess the function and risks of the device. This would be performed 

on 3-10 rabbits of adult size, as their eyes have fully developed and reached their maximum size. 

The protocol has been included in the appendicies. The second study would be to observe the 

pupillary response when ICP is increased in 3-10 rabbits using the insertion of a balloon, and as a 

separate task, when the optic nerve is crushed. The data collected in the second study will be used 

to extract useful pupil measurements such as amplitude, latency, and velocity. The protocol for the 

first study is currently being submitted to IACUC for approval.  

Conclusion 

In closing, a minimally invasive prototype pupillometer was designed for placement on eye 

that is capable of recording pupillary data with minimal interference for extended periods of time. 
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This reduces the amount of patient manipulation currently involved in ICUs and ORs when 

attending to critical or anesthetized patients. Applying the device to neurosurgery would allow the 

surgeon to monitor the pupillary reflex and inspect the integrity of the optic nerve (CN II) and 

oculomotor nerve (CN III), and indirectly infer information about changes in ICP.  Through the 

implementation of two pupillary devices, the ipsilateral and contralateral responses can be 

recorded at the same time when connected to the Awaiba’s USB3 board. This would surpass the 

capability of the hand held pupillometers on the market today which can only monitor one eye at 

a time. The C++ program currently allows the pupil response to be captured in real time and 

parameters such as amplitude, latency, and velocity can be determined from the raw data extracted 

with image processing. The real time aspect of the program will aid when the device is used 

intraoperatively during neurosurgery as it will provide immediate feedback concerning the 

manipulation of the optic and oculomotor nerves. Future applications for this device may include 

use in clinical settings, emergency transport, triage purposes, and in telemedicine. The pupillary 

device, although only a proof of concept, is a step forward for pupillometry and will aid clinicians 

in diagnostic determinations, improve patient safety during neurosurgery, and aid in preventing 

secondary injuries from TBIs such as increased ICP.  
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Appendix A - Visual Studio C++ Code for Pupil Diameter Extraction  
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Appendix B – LED Controlling Arduino Code  

#include <elapsedMillis.h> 

 

elapsedMillis timeElapsed; //declare global  

 

char val;                       //Data received from the serial port 

const int ir = 9;            //connect IR led to pin 9 

const int vis = 7;         //connect visible led to pin 7 

 

unsigned long previousMillis = 0;  

 

int ledState = LOW; 
long OnTime = 1000;              // 1 second duration of visible LED on time 

long OffTime= 10000;            // 10 seconds duration of visible LED off time.  

 

void setup() { 

  pinMode(vis , OUTPUT);    //declare pins as outputs 

  pinMode(ir ,OUTPUT); 

  Serial.begin(9600);              //start serial communication at 9600 bps 

} 

 

void loop() { 

 if (Serial.available()) { 

  val = Serial.read();} 

 

unsigned long currentMillis = millis(); 

  

if (val == '1')             // received a "1" from Visual Studio. Turns IR LED on and starts visible LED cycle. 

{ 

  analogWrite(ir,235);       // if value is 1 set first pin to high 

} 

else digitalWrite(vis,LOW); 

 

// Visible cycle  

 

if ((ledState == HIGH) && (currentMillis - previousMillis >= OnTime)) 

{ 

 ledState = LOW; 

 previousMillis = currentMillis; // save the last time 

 digitalWrite(vis, ledState); 

} 

else if ((ledState == LOW) && (currentMillis - previousMillis >= OffTime)) 

{ 

  ledState = HIGH; 

  previousMillis = currentMillis; 

  digitalWrite(vis, ledState); 

} 

 

if (val == '0')                   // received a "0" from Visual Studio. Turns all LEDs off. 
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{ 

  digitalWrite(ir,LOW); 

  digitalWrite(vis,LOW); 

} 

} 
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Appendix C - SolidWorks Mount  
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Appendix D - NanEye Module Product Sheet and Specifications 
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NOTE*** All documentation provided by Awaiba for the NanEye can be found on the PC 

purchased specifically for this project. The location is within the “Pupillometry Project” folder 

and within a subfolder labeled “documentation”.  
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Appendix E - LED Datasheets  

Data sheet provided on DigiKey website. The data sheet is provided by QT-Brightek 44 
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The following data sheet is from Mouser’s website. Data sheet is provided by Avago 

Technologies.44 
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Appendix F - IR LED Safety Calculations 

Calculations for Device Exempt Classification 38 

In order to classify the pupillary device under the exempt group heading, detailed in the 

main body of the thesis, the following calculations were performed to determine the needed IR 

LED specifications for use with the device. The calculations were performed with the assumed 

distance (d) of 1.5 mm between the source and the eye.   

Ee = EIR = 100 W/m2 

Ie = Ee  d2 = 100 W/m2  (1.510-3m)2 = 2.2510-4 W/sr = 0.225 mW/sr 

Infrared 850 nm 0805 SMD LEDs were purchased from Digi-key Electronics. The specifications 

are as follows: 

- Package size 2.00 x 1.25 x 0.80 mm 

- Forward voltage (Vf) = 1.3V 

- DC forward current(If) = 20mA 

- Radiant Intensity (Ie) Min @ If = 0.1mW/sr at 20mA 

- Viewing angle = 140 

Ee   EIR= 100 W/m2 

Ee = Ie  d2 = 0.0001W•sr-1  (1.5x10-3 m)2 = 44.4 W/m2 

LIR = 6000/ = 6000/ 0.011rad = 545,454.5 W/m2/sr (Radiance limit) 

ℛ = 10{
700−850

500
} = 0.5012 

(LIR  ≈  
Ie• ℛ(λ) 

{(L+w)/2}2)= 0.0001 W/m2 • 0.5012  [(0.0014 m+0.00125m)/2]2 = 28.54W/m2/sr 
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Appendix G - NanEye Lens Calculations 

H.1. NanEye lens performance when between two different media 46 

Terms:  

System focal length (f) 

System power (𝜙) 

Index of refraction (n) 

Curvature (C) 

Radius of curvature of a surface (R) 

General Equations: 

 Curvature:     𝐶 =  
1

𝑅
 

Focal Length:  𝑓 =  
1

𝜙
    

Power:    𝜙 = (𝑛′ − 𝑛)𝐶 

System Power Equation:    𝜙 = 𝜙1 + 𝜙2 − 𝜙1𝜙2𝜏 

Where 𝜏 =
𝑡

𝑛
 and t is the thickness of the lens 

For a thin lens: t → 0 and 𝜏 → 0 

 
1

𝑓
=  𝜙 = 𝜙1 + 𝜙2 

 𝜙1 =  (𝑛2 − 𝑛1)𝐶1 =  
(𝑛2−𝑛1)

𝑅1
 

 𝜙2 =  (𝑛3 − 𝑛2)𝐶2 =  
(𝑛3−𝑛2)

𝑅2
 

1

𝑓
=  

(𝑛2−𝑛1)

𝑅1
+

(𝑛3−𝑛2)

𝑅2
    where R1 = ∞ 

1

𝑓
=

(𝑛3−𝑛2)

𝑅2
     

Figure 6: Representation of NanEye interior and lens 

between two media. 
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H.2. Focal Length of Ideal Lens Calculation  

Using object image approximations. When the magnitude of the object distance (z) is more 

than a few times the magnitude of the system focal length, the image distance (z’) is approximately 

equal to the rear focal length.46 The focal length can be approximated by the magnification divided 

by the object distance.46 

Terms: 

Object size (h)  

Object distance (z) 

Image size (h’)           

Image distance (z’) 

Magnification (m) 

Focal length (f) 

|𝑧| ≫  |𝑓| ∶   𝑧′ ≈ 𝑓 

𝑚 =
ℎ′

ℎ
 

𝑚 =
𝑧′

𝑧
≈

𝑓

𝑧
       

ℎ′

𝑓
≈

ℎ

𝑧
 

Maximum pupil size h = 8 mm 

Distance from NanEye lens to pupil z ≈ 4mm  

NanEye image size (sensor size) h’ = 0.75mm  

NanEye focal length f 

𝑚 =
ℎ′

ℎ
=

−0.75𝑚𝑚

8𝑚𝑚
= −0.09375 

𝑓 ≈ 𝑚𝑧 = −0.09375 ×  −4 𝑚𝑚 = 0.375 𝑚𝑚 
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If the maximum pupil size is increased to 10 mm then the focal length needed is approximately 

0.3 mm.  
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Appendix H - Device Design Specifications  

NanEye Required Working Distance 29 

Terms: 

Working distance (WD) 

Horizontal sensor dimension (h) 

Horizontal field of view (HFOV) 

𝐹𝑜𝑐𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ (𝑚𝑚) =  
ℎ (𝑚𝑚) × 𝑊𝐷(𝑚𝑚)

𝐻𝐹𝑂𝑉
 

NanEye effective focal length f = 0.45mm 

Maximum pupil diameter HFOV = 8mm  

NanEye sensor dimension h = 0 .75mm 

𝑊𝐷 =
𝑓 × 𝐻𝐹𝑂𝑉

ℎ
=

0.45𝑚𝑚 × 8𝑚𝑚

0.75𝑚𝑚
= 3.6 𝑚𝑚  

If the horizontal field of view was increased to 10 mm, a working distance of 4.5 mm is needed 

to keep a pupil of that size in view.  

NanEye Sensor Size 28: 

𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑠𝑒𝑛𝑠𝑜𝑟 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛 (𝑚𝑚) =  
ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑝𝑖𝑥𝑒𝑙 𝑠𝑖𝑧𝑒 (𝜇𝑚) ×  𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑝𝑖𝑥𝑒𝑙𝑠 

1000𝜇𝑚/𝑚𝑚
 

𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑠𝑒𝑛𝑠𝑜𝑟 𝑑𝑖𝑚𝑒𝑠𝑖𝑜𝑛 (𝑚𝑚) =
3𝜇𝑚 × 250

1000𝜇𝑚/𝑚𝑚
= 0.75𝑚𝑚 

NanEye sensor has 1:1 aspect ratio.  

 



 

 

102 

Appendix I - Figure Permissions  
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Appendix J – IACUC Animal Protocol Draft 

Title: Feasibility Testing of Contact Lens Device for Monitoring Pupillary Responses  

Purpose: The purpose of this animal study is to ensure the safety of using the pupillary device 

on living tissue, as well as, to assess the functionality and feasibility of the device when used 

with a living model. 

Benefits: This study will ultimately advance knowledge regarding the use of a new type contact 

lens like device in collecting pupil data in neurologically compromised, anesthetized, or 

comatose patients. The device has potential applications with telemedicine, emergency transport, 

intraoperative monitoring in an ICU setting, and on site assessment of suspected head injuries. 

Participation Requirements: 

CITI Training  

• CITI Working with the IACUC - Investigators, Staff and Students 

• CITI Working with Rabbits in Research Settings 

Occupation Health Risk Assessment Questionaire (RAQ) 

Personnel List: 

 

 
 

Literature Search: 

Search date: 3/21/2018 

Years covered in search: 2000-2018 

Databases searched: Google Scholar - http://scholar.google.com/ and AltBib Alternatives - 

http://toxnet.nlm.nih.gov/altbib.html 

Search Terms 1: frog OR fish OR invertebrate OR in vitro OR tissue culture OR computer model 

OR simulation OR manikin OR alternative OR [rabbit] OR [mouse] AND Search Terms 2 

Search Terms 2: [pupillometry] OR [pupillary response] OR [pupillometer] OR [contact lens] 

Search Terms 3: Search Terms 2 AND [rabbit] 

http://toxnet.nlm.nih.gov/altbib.html
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Search Terms 4: analgesia OR anesthesia OR pain OR distress OR alternative OR refinement 

(AND [pupillometry] OR [pupillary response] OR [pupillometer] OR [contact lens]) 

Based on the search results above, could some or all of the procedures performed on live animals 

be replaced by the in vitro techniques, tissue culture, a computer model or simulation 

techniques? 

A search on Google Scholar produces various articles, one article of relevance (Pupillary 

Responses to Posture: The development of a New Pupillometer. David S. Butler. University of 

South Australia) discusses a new pupillometer. The researcher carries out a reliability study 

using nine artificial pupils which were drawn using a professional computer drawing program 

and laser printed before moving on to a human subject study. Like the previously mentioned 

article, this novel contact-like device has first been tested with printed artificial pupils which 

gives partial information about the efficacy of the device. However, in order to assess the risk of 

device use with living tissue, a study performed with animals is required. 

Cleaning Research Items: 

The pupillary device is a monitoring device for the pupil response. The base of the pupillary 

device i.e., the part of the device that comes in direct contact with the surface of the eye is a 

corneal protector supplied sterile by Kolberg Ocular Supplies, Inc. The corneal protector is 

entirely composed of poly(methyl methacrylate) PMMA and will be sterilized using alcohol. The 

corneal protector which is the only device component that comes into contact with the eye of the 

rabbit will be sterilized after each use and before the device is used again on a new rabbit. 

Methodology: 

Materials and Methods: 

Pupillary device comprised of the following: 

• corneal protector 

• NanEye camera module (1x1 mm) 

• 0603 warm white LED 

• 0805 850 nm infrared (IR) LEDs (x2) 

In order to reduce IR over-exposure incidents, the International Electrotechnical Commission (IEC) has 

established standards for human eye safety with various radiation sources. Document IEC-62471 titled 

Photobiological Safety of Lamps and Lamp Systems covers LEDs and specifies exposure limits that 

should not be exceeded. The exposure limit (EL) values used here are taken from the International 

Commission of Non-Ionizing Radiation Protection (ICNIRP) guidelines which are formed from the best 

available experimental studies. The IEC standards committee that prepared Document IEC-62471 also 

included risk classifications for lamps and LEDs. There are 4 groups or risk classifications: 1) an exempt 
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group, 2) risk group 1 (low risk), 3) risk group 2 (moderate risk), 3) and risk group 3 (high risk). 

Calculations were performed to ensure the IR LEDs used in the pupillary device fall within the exempt 

group. The definition of the exempt risk classification relative to near IR illumination is as follows: Any 

device that does not pose: an IR radiation hazard for the eye (EIR) within 1000 seconds (16.67 minutes), a 

retinal thermal hazard (LR) within 10 seconds, nor a near IR retinal hazard without a strong visual 

stimulus (LIR) within 1000 seconds (16.67 minutes). 

Experiments: 

The purpose of this experiment is to assess the functionality and biocompatibility of a prototype pupillary 

device. The pupillary device captures the dynamic pupil response and processes the pupil image data to 

generate useful measurements such as amplitude, latency, and velocity of the pupil response.  

• Rabbit will be anesthetized with a ketamine/xylazine/acepromazine cocktail administered 

intramuscularly (IM) at a dosage of 35 mg/kg + 5 mg/kg + 1 mg/kg respectively and placed on 

the operating table. The depth of anesthesia will be indicated by response to ear pinch. The 

pupillary device, as it is a contact lens like device, will be inserted into the eye with corneal shield 

positioned beneath the eyelid, and will be applied for 30 minutes Continuous use of infrared light 

will be kept within safe levels. Pupillary activity will be recorded. Animals will be euthanized 

within 24 hours of the completion of the study. 

Pain and distress: Experiments are noninvasive and will not cause pain. No complication is anticipated 

since the procedure is noninvasive. However, signs of infection include redness and discharge from the 

affected eye. 

Early removal criteria: Potentially rabbits may develop an eye infection. 

Animal numbers: 10 rabbits total needed to test the device 

Group Size Rationale: 

This is a feasibility or proof of concept study to test the function and the risk of use of a novel 

pupillary device prototype. Therefore, the number of animals is based on the best estimate of 

what will be required to acquire useful or statistically significant data. 

Scientific Justification of Species Selected: 

Rabbits have historically been used in ophthalmic research as the ocular anatomy of rabbits is 

quite similar to that of humans. In comparison to their overall body size, rabbit eyes are 

relatively large with the exact eye size varying with age. Rabbits are the lowest species that have 

eyes large enough to be used with the prototype pupillary device and have corneal dimensions 

that allow for the use of commercially available corneal shields. Rabbits are established research 

models for developing and testing contact lenses for human use. Rodents have been used to 

assess the pupillary light reflex (8 articles found on PubMed), but reference of their use in testing 
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pupillary devices is scarce as rodent eyes are too small to be used with devices designed for 

human use.  

Reference- Tsonis, A. A. (2008). Animal Models in Eye Research. San Diego: Academic Press. 

Veterinary Drugs: 

Acepromazine/Ketamine/ Xylazine combination administered intramuscularly at a dosage of 1 

mg/ml+35 mg/ml + 5 mg/ml 

Clinical Signs: Redness and discharge from the eye will indicate infection developed after the 

experiment. 

Criteria for Moribundity: eye infection 

Euthanasia: Euthanasia performed by UAC staff (AVMA approved method) 
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