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Preface

The human body has been one of the most fascinating things | find. As a biomechanical de-
sign student by education and passion, | always wanted to create something that could closely
imitate a part of the body- just like an intricate origami piece resembling a swan. The dream
was slightly vague to begin with and it took me quite a while to finally be able to settle in on
the topic of a human eye. A year and a half ago, | had almost no knowledge about the intri-
cacies and complexities of the human eye, its detailed anatomy, and eye surgeries. The first
step that swayed me further into this topic was when | began my internship at DORC (Dutch
Ophthalmic Research Center) International BV in Zuidland on the topic of phacoemulsification
needle design and manufacturing. The first surgical videos and knowledge about eye and
cataract surgery can be traced back to the internship training over the 3 months | had at the
company. As | tried out the surgical tools | was working with on an eye phantom, | realized how
complex the surgery steps were as | made many ’lethal’ mistakes on the dummy eyepiece with
the tool piercing many synthetic structures inside. Bad as | may be, this piqued my interest in
the question that ignited and fueled this thesis project - "How do the surgeons get their training
for cataract surgeries?”. This question evolved into a more refined problem statement for this
thesis.

| would first like to acknowledge Roos M Oosting and Jenny Dankelman, my two super-
visors on my master’s thesis topic, for guiding me through the journey of this thesis. Your
insights, discussions, recommendations, and even feedback on my presentations have come
a long way. | would like to acknowledge Dr. Thomas Kuriakose from India who has been one
of the most important people in this thesis. He always made time to answer my fundamental
questions about eye anatomy, tools, and surgery techniques while also being the ’academic
trainer’ in this thesis validating the final prototype. | would like to thank Mart Gahler, my intern-
ship supervisor in the company, and DORC for not only giving me the internship opportunity
but also igniting that spark in me and helping me throughout the project, especially in the 'Sur-
gical trials’ part of my thesis. | would like to thank Dr. Efe who took part as the ’surgeon’ in
those ftrials. | would like to thank Paul Breedweld, not only for the amazing course on ’bio-
inspired design’ but also for letting me get the opportunity of interning at DORC. | would like to
thank Jan van Frankenhuyzen from Phantom Lab and the IWM department for your insights
about specific queries | had and for helping me create the parts. Finally, | would like all my
friends, and family for directly and indirectly helping me out during this one year of the project.

I hope you, the reader, find this report interesting and appreciate the hard work, passion,
and knowledge | have poured into this project.

Kadabettu Rajath Shenoy
TU Delft, February 2024



Abstract

The human eye is a very delicate yet highly intricate organ, and treatments such as cataract
surgery call for meticulous precision. Ophthalmologists hone their skills over years of practice,
which they initially acquired during their studies in medical schools. Basic skills such as globe
fixation and capsulorhexis training have a very steep learning curve as they are fundamental,
albeit very challenging from the get-go. There is a lack of training simulators that can combine
both surgical techniques as effectively and economically as animal eye setups. In this respect,
the present research work aims at designing a cataract surgery eye phantom for capsulorhexis
and globe fixation, which can replicate the movement of the eyeball in the orbit coupled with
the inherent passive stiffness. The project culminates in the design of a 2-degree-of-freedom
anterior human eye phantom with anatomically similar features of the human eye needed for
training the aforementioned surgical steps. A significant part of the prototype structure is 3D
printed using Draft resin V2 on the Formlabs Form 3+ printer to create minute yet almost
anatomically impeccable components. Mechanical analyses were performed to tune the pas-
sive stiffness of the compliant mechanisms, and materials such as PlatSil Gel-00, hydrogel,
and eggshell membrane were chosen and utilized to replicate the interactions between the
tools and various tissues in the human eye. Clinical evaluations were conducted by a surgeon
performing capsulorhexis on the prototype in a wet lab environment and several validation
tests by an academic trainer for the suitability and practicality of the prototype. In that context,
the present research serves as the first step toward creating innovative designs for training
phantoms in the field of eye surgery.

Keywords: eye phantom, ophthalmology, capsulorhexis, training, 3D printing, compliant mech-
anism.
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1

Introduction

1.1. Cataract

Cataracts are one of the most prevalent eye problems in the world accounting for 47.8% of
global blindness according to the surveys of 2020 [1]. A cataract is a medical condition in which
the natural eye lens gets cloudy as the proteins begin to break down and clump together [2],
which leads to a cloud vision eventually leading to blindness. While the eventual cause for
cataract formation is the degradation of lens proteins, many preliminary factors lead to this
chain reaction. One of the most common causes is the natural aging of the person — a decline
of a-crystallin chaperone in the 40s which leads to aggregation of proteins and loss of lens
transparency [3]. Any previous eye surgery may put the person at a higher risk of contracting
a cataract in that eye. It is estimated that about 80% of the patients who undergo vitrectomy
have a chance of developing cataracts within 2 years [4]. Other causes include exposure to
UV radiation, malnutrition, trauma, and genetic abnormality [5].

Cataracts are more prevalent in low and middle-income countries (LMICs) than in other re-

Figure 1.1: Cataract eye [6]

gions and often lead to material poverty in such countries. Figure 1.2 shows the demography
of the cases found in the population. South Asian countries account for the largest burden
of the cataract cases. Cataract is often linked with a decrement in quality of life in the peo-
ple affected by it in society in many ways. People are not able to earn an adequate amount
of living or be handle their household. This not only exacerbates the spread of poverty but
also has psychological implications. Reduced social interaction often leads to isolation, lack
of social support, and depression [7]. Nevertheless, there has been a significant decrease in
cataract-related blindness rates in high-burden countries between 2000 and 2020 [8]. This
can be attributed to improvements in the healthcare system, access to healthcare camps, and

1



1.2. Cataract Surgery 2

educating the public about the treatments.
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Figure 1.2: (a) Distribution of cataract cases throughout the world [8] and (b) Prevalence of cataract
among older adults in India in 2017-2018 [9]

1.2. Cataract Surgery

Although there is ongoing research on drugs that can delay the progress or onset of age-
related cataracts such as N - acetylcarnosine (NAC) [10], these trials are mostly in their initial
phases. Currently, there are no alternatives to surgery as a treatment for cataracts. Cataract
surgeries are not new. Ancient and medieval cultures around the world as old as 800 BCE
often show records of couching as a method of cataract treatment which involved dislocat-
ing the clouded lens from the visual axis and into the vitreous cavity using sharp tools [11].
The first true and recorded instance of extracapsular cataract extraction (ECCE) was done
in France by Jacques Daviel [12]. Intracapsular Cataract Surgery (ICCE) and Extracapsular
Cataract Extraction (ECCE) surgery are two practices that are rarely performed these days as
compared to Manual Small Incision Cataract Surgery (MSICS) and phacoemulsification due
to the complication rates [13]. ECCE involves the removal of the entire hard cataractous lens
as a single entity while leaving behind the capsular bag wherein the IOL is implanted whereas
ICCE involves the removal of the lens along with the capsular bag with IOL implanted in front of
the iris. Phacoemulsification involves using a handpiece whose tip vibrates at around 40 KHz
frequency. This probe is inserted after capsulorhexis to emulsify the lens using the phaco
tip and aspirating the fragments via the hollow tip. Laser-assisted cataract surgery is also
one of the newer means of performing cataract surgery, although scarcely used due to its



1.2. Cataract Surgery

novelty and completely different machines and tools requirements. Phacoemulsification and
laser-assisted cataract surgery are the most commonly performed surgery for cataracts in de-
veloped countries due to their low complication rates while MSICS has been proven to be the
most cost-effective intervention in LMICs [14]. Figure 1.3 shows the progression of the surgery

techniques over the decades.
A regular small incision cataract surgery (SICS) involves 6-7 major steps with some of them

1750

First lens extraction
procedure introduced

A7 1920s

Suction technique introduced
for lens removal

1960s

Phacoemulsification (breaking apart
the lens before removal) introduced

1980s

Envelope technique [smaller incisions)
far inserting 10Ls intreduced

2000s

Laser technology
makes the procedure more precise

Present

Further advancements in technology
continue to improve the procedure

Figure 1.3: Progression of cataract surgery over the years [15]

being specialized based on the type of cataract surgery chosen for the case [16]. After the pa-
tient’s eye has been anesthetized, a corneal incision is made with a keratome near the limbus
of the cornea to insert other surgical tools into the eye. Using a cystotome, a small cut is made
on the anterior face of the capsular membrane, and capsulorhexis is carried out wherein the
membrane is torn in a circular manner using microforceps. The softer lens cortex is separated
from adhering to the capsule and a fluid wave is utilized to reach the cataractous region of
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the lens nucleus (hydro dissection). A sharp tip along with some forceps, the hard lens nu-
cleus is broken into pieces in a process called lens sculpting. This process is often specialized
and named based on the tool used- a vibrating phaco tool for phacoemulsification and a laser
in laser cataract surgery. The fragments are carefully removed from the eye. Irrigation and
aspiration is done to extract the softer lens cortex without damaging the remaining capsular
bag using vacuum suction and liquid injection into the chamber to maintain the pressure. An
intraocular lens is implanted using a thin probe into the empty capsular bag. The steps, in
order from least to most difficult, were lens insertion, wound construction, hydro dissection,
aspiration/removal of cortex, sculpting/cracking of the lens, quadrant removal of the lens, and
capsulorhexis [17].

Median ophthalmologists per million
(By GBD Super Region)

-

, Eastern Europe
ntral Asia

80 28I

High income ‘. Global /
, s

North Africa and 9
Middle East 1 0

Southeast Asia, East Asia
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. . -Sah. Afri
Latin America and Sub-Sgggpm Africa

Caribbean

Figure 1.4: Ophthalmologist distribution around the world [18]

1.3. Ophthalmology and cataract surgery training

Figure 1.4 shows the considerable difference in the number of ophthalmologists per million
population between the developed and developing countries, with South Asia having 10 and
Sub-Saharan African (SSA) regions having 2 which is very low compared to the global av-
erage of 28. Quality of training and facilities available for both training and real surgery are
among several other reasons. Until the recent decades, cataract surgery training in LMICs
was imparted on an apprenticeship style of training under the classic Halstedian model of 'see
one, do one, teach one’ [19]. This apprenticeship style of training has come under the lens of
ethical views and the safety of real patients. The alternative to this is expensive and resource-
ful, with a lot of widespread unawareness which often leads to lack of quality imbued. Cataract
surgery training is often not restricted to students in medical universities. Most of the cataract
surgery training curricula in developing countries, especially in Asia, are for extracapsular
cataract extraction (ECCE) surgery, which is outdated, and manual small incision cataract
surgery (MSICS) rather than the more novel and advanced phacoemulsification surgery and
laser-based cataract surgery [20], [21].
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Nonetheless, the research institutes and companies hold several collaborative bridging
and training programs for the resident and practicing surgeons. One such example is the
two-week 'Phaco Development Program’ (PDP) introduced by Alcon Inc, Switzerland in India
which was noted to be effective at not only garnering the collective pickup of the phaco method
but also addressing and reducing the complication rates during surgery training [20]. Although
somewhat controversial, non-physician cataract surgeons (NPCS) have been trained and al-
located for cataract surgeries due to the rise in the number of cataracts and the lack of trained
surgeons. Studies show that there was considerable variation in acceptance of these non-
physician cataract surgeons in SSA with real impact in the treatment of cataracts in these
regions [22]. This is in complete contrast to the less common cataract surgery training pro-
grams beyond the institutions in developed countries such as the USA and much of Europe
which are often regarded as supplementary. This is due to their well-balanced curriculum,
state-of-the-art training techniques, and facilities. In such a high-income setting, the cost of
training and/or the practiced surgical procedure is of less concern as compared to the results
obtained, therefore more sophisticated procedures such as phacoemulsification are the go-to
norm for all the surgeons.

Each country has its timeline, career path, and course of action for students pursuing
a qualification in ophthalmology. In India, a student who cleared their 12th grade attempts
the National Eligibility-cum-Entrance Test [NEET (UG)] to get admission into any of the medi-
cal schools for their bachelor’s program called MBBS (Bachelor of Medicine and Bachelor of
Surgery) [23]. MBBS is a 5.5-year program wherein the students are taught the know-how
about human physiology, medicine, ailments, and theories about surgery in general [24]. It
should be known these students do not perform any live surgeries during or immediately after
their program as they are not deemed specialists. They then enter the bond years after the
12-month internship during which they are expected to work in rural/ urban settings depending
upon their allocation by the respective state government or pay a penalty and forgo the bond
[25]. This period let them gain real-life experience with the existing healthcare and hone their
basic skills. If the individual is interested in pursuing a career in specialization programs such
as ophthalmology, they need to once again clear a nationwide entrance exam of NEET meant
for postgraduates (PG) and choose their options by getting a seat at medical universities [26].
During this program, the students, who have now taken up the residency in that institute/ med-
ical facility, learn more about eye problems, and treatments, and get the training necessary to
be able to perform live surgeries over their residency years.

Cataract surgery training is the most basic surgical procedure taught in the ophthalmology
program. Apart from the theories and lectures, the residents gain their skills by practicing
through various means. Virtual Reality (VR) simulator training setups such as EyeSi, Phacov-
ision, and MicrovisTouch have been developing rapidly over the decades in terms of training
modules offered and technology. It has been proven to improve the abstract as well as certain
procedural skills whilst reducing the complication rates of the trainees [27], [28], [29]. Re-
search has been progressive on the usage of animal and cadaveric eyes in wet labs as newer,
affordable, and anatomically similar eyes are being used in almost every training center in a
wet lab environment. It helps in letting students experience and work on the biological eye.
Both these methods of training have their own sets of merits and demerits especially in terms
of finances [30], [31], versatility [32], [33], and realism [34],[35],[36],[37]. A surgical training
phantom can be described as an object made to imitate a real human or a part of the body
using non-living or synthetic materials to obtain specific physical or chemical properties and
primarily used for training purposes. Figure 1.5a shows the earliest known cataract surgery
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training eye phantom in the market made by Maloney [38] while Figure 1.5¢c and 1.5d are the
modern-day phantom made by Philips [39] and Eyecre.at GMbH [40]. Although being a less
prominent choice of training compared to other training techniques in general, surgical training
eye phantoms have the potential to able to take the best qualities of both the VR and animal
eyes in wetlabs as they can be customized to fit the need of the case study/ training style [41].

(a) (b)

‘ //////
// /

Figure 1.5: Cataract surgery phantoms used in the field- (a) One of the earliest eye phantom for
cataract surgery training by Maloney [38], (b) Lab made synthetic gelatinous eye with custom head
[42], (c) Cataract training eye made by Phillips studio [39], (d) Single unit cataract surgery training
phantom by Eyecre.at GMbH [40] and (e) A globe holder for animal eyes during cataract surgery
training [34]

The curriculum for surgery training in the ophthalmology program varies among countries,
regions, and even among individual universities. Reforms in the existing curriculum and spe-
cial lab-based training programs have been held in the past few years to fix these issues
[43]. However, the backbone of any such curriculum often follows the guidelines set by the
Accreditation Council for Graduate Medical Education (ACGME). This international council
lists 6 core competencies that the training program must inculcate — patient care and proce-
dural skills, medical knowledge, system-based practice, practice-based learning and improve-
ment, professionalism, and interpersonal and communication skills [44]. Furthermore, in India,
professional organizations such as the All India Ophthalmological Society (AIOS) and the In-
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dian Medical Association present various assessment strategies, scoring, goals, and timelines
within the whole curriculum [43]. An accredited medical training facility/university is open to
forming its curriculum based on these fundamentals.

1.4. Problem description and research goal

The current project is based on the academic study from Kerala in India given by Dr. Thomas
Kuriakose. Dr. Thomas is a Senior consultant and the Director of Academics at Giridhar Eye
Institute in Kochi, Kerala. He presented the project idea around the training phantoms to help
the students get accustomed to the real human eye during their surgical training period. There
was a need for a training model that could simulate the free movement of the eyeball in the
human head when interacting with surgical tools.

Due to the delicate and highly intricate nature of the surgeries in the eye, any small unregu-
lated movements of the eye may result in moderate to severe complications. To avoid this, the
students are trained to gently stabilize the globe using tools such as cotton tips while perform-
ing the surgical steps using the other hand. Such a free-moving eye, be it real or phantom,
is generally not available as the wetlabs use enucleated eyes fixed firmly on dummy heads
either through pins or hollow bulb setups. Such arrangements do not simulate the passive
stiffness of the eye in the head when pushed around during surgery. The author consulted
with Dr. Thomas if there is any specific step from the cataract surgery training program that
could be incorporated to narrow the project down towards cataract surgery training models.
The doctor saw the great potential in consolidating the capsulorhexis training course since it
not only involves the mentioned stability training but also continuous curvilinear capsulorhexis
(CCC) being one of the more difficult and often practiced cataract surgery steps among others.
The proposed solution should be low-cost, require minimal maintenance, and be able to be
manufactured or prepared very easily so that multiple models can be used in a training envi-
ronment for all the trainees involved.

Thus, the research goal of the project is as follows: To prepare a cataract surgery training eye
phantom for capsulorhexis and globe stability training in a low-cost setting.

1.5. Requirements
The requirements of this project is as follows

1.5.1. Primary Requirements
» The eyeball model should be able to maneuver in all four directions- adduction, abduc-
tion, supraduction, and infraduction with restoring tensile forces like that of the human

eye as shown in Figure 1.6.

* The eyeball should have a phantom material representing the anterior lens capsular
membrane that could be worked on during the capsulorhexis training. The setup needs
to be akin to the anatomical arrangement as seen in the human eye.

Explanation:

* During a live surgery, the patient is sedated and is unable to voluntarily move their eye-
balls. These motions are induced when any surgical tool meets the eye, especially while
interacting with the cornea. This is often observed in the initial training lessons wherein
the trainees get used to the precise movement of the tool. Although extorsion and intor-
sion are possible, this movement is often too little and can be ignored for the proposed
model.
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Figure 1.6: Movements of the eye.

» The membrane needs thickness and shear strength like that of the capsular membrane.

The distance between the anterior capsular membrane and the corneal element along
with the anterior chamber volume should be close to the anatomical distance.

1.5.2. Secondary Requirements

The model is designed to be able to use multiple times. Since the phantom membrane
is meant for single use, the design must incorporate an easy replacement feature.

It should also be noted that the build and the phantom membrane need to be created/ob-
tained very easily due to technological constraints and low-cost settings.

The user has the option to either use the model with flexible rotation elements, alter the
flexibility or remove this element and fix the eye like a standard setup. This modification
needs to be pre-set and not be subjected to manual iterative design or reliant on the
user’s knowledge of design.

1.6. Thesis outline
The contents of the following chapters are as follows:

Human Eye Anatomy: This chapter provides the anatomical dimensions and properties
of the human eye that are necessary in designing the phantom model.

Design methodology: This chapter gives insight into the strategies used to select and
design various components of the prototype with 3D modeled images.

Materials and preparation: This chapter lists various materials used to create specific
components of the prototype along with material specifications, properties, and prepara-
tion guidelines.

Experimental setups, protocols, and verification: This chapter explains in detail the
objectives, experimental setups/software, protocols, and expected outcomes. The chap-
teris divided into 4 major parts- preliminary experiments on certain isolated components,
secondary experiment of the whole prototype, clinical evaluation, and validation by train-
ing surgeon. The first two experiments are mechanical analyses while the other two are
done by medical professionals.

Results and discussions: This chapter contains the findings of the experiments con-
ducted during the research. The results from mechanical analyses are predominantly
about the force-displacement and stiffness behavior of the prototype. The chapter also in-
cludes a cost analysis for creating a whole prototype. The assessment form and insights
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from the surgeons from the clinical trials are described in detail along with the findings of
the validating tests conducted by Dr. Thomas. Critical remarks, areas of improvement,
and possible ways to assimilate the prototype into the curriculum are summed up in this
chapter. A description of meeting the set requirements of the study, the limitations of the
current study, and future work marks the end of this chapter.

» Conclusion: This short chapter gives an overview of how the project progressed and
met the expectations and requirements of the research.

1.7. Thesis model overview
The thesis design is based on the 'V-model’ approach, augmented slightly to adhere to this
project. Figure 1.7 shows the layout of the approach.

Fundamental requirements Validation by the training
and research goals (training| <~~~ - -~ ~-—-—-~-~-—-—-—-—-=----- * surgeon

driven)

AN /

Anatomical/surgical
requirements

N\ /

Mechanical analysis
(component/prototype)

N/

Design/ model
generation

—_—_—— e m - == > Clinical evaluation

Conceptualization | — — >

Figure 1.7: V-model approach towards thesis structuring.
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Human Eye Anatomy

2.1. Eye and optic muscles

The human eyeball is about 24.2 mm (transverse) x 23.7 mm (sagittal) x 22.0-24.8 mm (axial) in
size [45]. It sits in the orbit of the skull on a cushion of orbital fat. The eyeball has two sections-
the posterior segment behind the posterior lens capsule which makes up the vitreous chamber,
retina, macula and optic nerves [46], and the anterior segment made of the lens capsule with
lens, zonules, iris and cornea enclosing the anterior chamber containing aqueous humor [47].
Figure 2.1 shows the anatomy of the entire human eye.

cornea
iris

conjunctiva

rectus tendon

pigment
epithelium

sclera”

choroid

v i/ macula lutea
optic nerve sheath

Figure 2.1: Anatomy of the human eye in the sagittal section [48]

The six muscles around the eye globe move the eyeball in various directions as shown in
Figure 2.2. The passive spring stiffness in each of the 4 directions of movement (abduction,
adduction, infraduction, and supraduction) is about 0.7-1.5 g/deg [49],[50] but can be higher
depending upon the individual.

The following sections shall only mention the parts in the anterior segment, especially those
that are relevant to the project.

2.2. Cornea and sclera

The sclera is the hard white tissue that forms the outer coat of the eye. Around the visual
axis, the cornea forms a dome-shaped structure holding the aqueous chamber over the iris.
The circular border between the cornea and the sclera is called the limbus and is often the

10
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Figure 2.2: Ocular muscles and fat around the eye in the orbit [51]

incision site for cataract and glaucoma surgeries. Unlike the sclera, the cornea is completely
transparent as it allows the light to pass through it into the eye. It has a diameter of 11.7
mm with a central and peripheral thickness of about 560 micrometers and 640 micrometers
respectively [52]. The cornea exhibits a layered structure made up of about 200 lamellae
along with other thinner membranes made of epithelial cells on the periphery. The cornea
has a stiffness between 0.068 N/mm to 0.08 N/mm depending on the point of testing [53].
The cornea also has a complex anisotropic viscoelastic property that allows it to act as a
mechanotransducer for stress depending on the strain rate [54],[55]. It can self-heal by being
able to close the sharp wounds made by sharp and very fine gauge surgical tools over some
time [56]. The distance between the posterior surface of the cornea and the anterior capsular
membrane is called the anterior chamber depth (ACD) and it is about 3-4 mm [57].

2.3. Iris and pupil

Iris is the colored part of the human eye and is composed of multiple folds of sphincter and
dilator muscles that modulate the central opening, called pupil, by contraction and dilation.
The outer diameter of the iris is between 12-13 mm with a thickness of 0.2 mm [59]. The
maximum and minimum pupil diameters vary between 2 mm in bright light and 8 mm in the
dark [60]. During surgery, medications allow the pupils to fully dilate for maximum visual acuity
for the surgeon to see into the eye.

2.4. Lens and capsular membrane

The lens is positioned directly beneath the iris along the visual axis. It has an asymmetric
biconvex structure with the posterior surface more curved than the anterior surface [61]. The
equatorial diameter of the lens is about 6.5 mm at birth and continues to grow at a different
rate throughout the teenage years and stays at 9 mm with less than 1 mm change for decades
in adult life [62]. The thickness of the lens at its maximum is 4 mm at birth, growing at about 25
micrometers per year until it is about 5.5mm [61]. The volume of the lens is about 160 mm3 in
adults [63]. The lens can be divided broadly into two parts- the nucleus and the cortex. Each
of these zones is made of concentric layers of lens fibers made of transparent proteins.

The stiffness of the lens cortex and nucleus at the age of 60 years is about 4x10 N/mm2 and
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Figure 2.3: Cross section of the corneal structure [58]

2x10"® N/mma2 respectively [64]. The mean hardness, expressed in terms of force required by
a medical guillotine to bisect a cataractous lens, is about 0.47 N for grade 1 which increased
to 1.89 N for grade 4 [65].

The lens is encapsulated by a bag of capsular membrane. This is the thickest basement
membrane in the human body and has a lamellar structure [66]. This capsular membrane
tends to grow through the life of the individual, getting thicker on the anterior surface. The
thickest region of the membrane is around the anterior pole as it reaches up to 30 micrometers
[66],[67] and it is the thinnest at the posterior pole at about 3.5 micrometers [66], [68]. The
elastic modulus of the lens capsule is a hundred times greater than the lens material, at about
1.5 N/mm2, and plays the role of a force transmitter to change the shape of the lens. The lens
with the capsule is held in its place by a mesh of thin zonules connected to the ciliary bodies
as shown in Figure 2.4.

The ciliary muscles contract or relax based on the neural signals and pull the capsule enclosing
the lens through the zonules. The membrane experiences an outward force perpendicular to
the membrane surface due to the pressure of the lens material and a radially outward force
directed towards the equatorial boundaries along the membrane due to the tension of the
zonules and ciliary muscles as shown in Figure 2.5. This is relevant during the capsulorhexis
as an improper tear in the anterior surface can result in radial tear, a complication that leads
to collapse or loss of integrity of the capsular bag.
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Figure 2.4: Anatomy of lens and associated structures [69]

Figure 2.5: Diagram showing the forces on the anterior portion of the lens. P4 = force acting through
the zonular fibres, Py, = polar force, Pg = equatorial force, and « = angle of inclination of anterior
zonule fibres to lens equator [64]



3.1. Strateqgy

Design methodology

Figure 3.1 shows the overview of the design strategy implemented in the project (part of the V-
model approach mentioned in the Introduction chapter). Note that the materials were chosen,
tested, and utilized on a part-by-part basis similar to and in tandem with the design process.
The methodology extends from this chapter to the ‘Major experiment’ section of the ‘Experi-
mental setups, protocols, and verification’ (Chapter 5).
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Figure 3.1: Overview of the design strategy
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3.2. Design of the rotating eyeball

According to the opinions of the doctor, the trainees need to familiarize themselves with work-
ing in the limited volume of the anterior chamber of the eye while also knowing that this eye of
the patient is under passive muscular tension of the eye.

superior rectus (upward movement)

superior oblique
_ (downward and
& outward movement)

lateral rectus
(outward

medial rectus
(inward

inferior oblique movement)

(upward and / o
outward movement) inferior rectus (downward movement)

Figure 3.2: Eye muscles and movement directions [70]

In the human eye as seen in Figure 3.2, 4 rectus muscles allow the motion of the eye, each
in a particular major direction, and 2 oblique muscles move the eyeball in diagonal directions.
There are also intornsion and extorsion which are rotations along the axis passing perpen-
dicular to the plane (z-axis henceforth) of this image. When the patient is sedated, these
muscles do not constrict voluntarily and therefore the eyeball is stationary. However, there
exists a passive stiffness in each of these muscles which creates tension force when any sur-
gical tool interacts with the eyeball. A skilled surgeon, especially during corneal incision and
capsulorhexis, makes minimal induced eye movement with his tools whereas the early-stage
trainees often push the eyeball with their tools and need to stabilize it with other tools such as
a cotton bud. The eyeball moves back to the initial default position due to the restoring forces
due to the passive stiffness of the muscles.

An intact biological eyeball is a typical ball or a spherical joint model inside the eye socket.
Therefore, a spherical joint seems to be a better option over a gimbal design since the latter
not only adds complexity to the design and movement efficiency (DOFs) but also leads to
more instances of unchecked friction at each hinge. Since the project focuses primarily on the
anterior section of the eye, designing a hemispherical model makes more sense. Due to this,
a ball joint can be incorporated from the inside out (Figure 3.3a) rather than outside in (Figure
3.3b) since the former has lesser frictional resistance due to a relatively larger moment arm
while applying external force.

The issue with a hemispherical design is that the inner dome needs to cover less than or equal
to half the ball inside to be able to fit in which conversely, also makes the eyeball fall off (Fig-
ure X to be added). Therefore, a lower eyeball plate is designed in such a way that while the
eyeball is exactly (almost) enclosing the top half of the ball, the lower eyeball plate covers a
ring-sized area beneath the eye model and can be attached to the upper half with pins. Such
a design makes sure that the eyeball is secure onto the ball and can be detached when nec-
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Figure 3.3: Orientation of half eyeball over the base

essary. Having such an eyeball model has two major benéefits:

1. Ease of changing the consumable materials inside the model without damaging the del-
icate structures.

2. It helps in training the students who find the additional DOFs provided by the model
difficult | the initial stages. The eyeball can be removed from the setup and fixed on a
more stable/rigid structure.

3.3. Tension Element

3.3.1. Choice of tension elements

The choices of tension elements to be used in the prototype are based on the following key
requirements.

Desired stiffness and radial deflection: Anatomically, the effective passive stiffness of the
eyeball in any of the four major directions is 0.7 - 1.5 g/deg (Chapter 2), which makes the
design inherently delicate. Based on the footage and notes from the surgeons/ medical pro-
fessors, the desired deflection for which this stiffness is desired is about 10-15 degrees. This
is because although the eyeball can freely rotate for 27 degrees in elevation and about 44
degrees in the other three directions [71], the induced movement is often very less. Further-
more, it becomes difficult to maintain a constant spring stiffness over a larger range of motion,
especially for delicate structures. Therefore, effective stiffness needs to be designed over this
range of motion.

Energy loss: Friction plays a major detrimental role in the model design. The tension ele-
ment should not only have inherently low friction in its design but also be able to compensate
for the friction at other junctions, especially on the spherical surface of the ball joint.

Performance over time and calibration: The tension elements need to be chosen and de-
signed in such a way that their performance remains the same over the model’s functional
period. Manual calibration is not desirable since the operator/user may not be skilled enough
to properly maintain the desired properties. The robustness of the design choice is highly de-
sired as it minimizes the need for calibration.
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Design complexity: A tension element of choice can be set up in two different ways which,
in action, can perform the same intended motion — pull design and push design. These are
shown in Figure 3.4. The choice of the arrangement of the tension element in the prototype

Force
applied

Tension
element

Pivot

Reaction force
pulls downwards

(a)

Reaction force
pushes upwards

Force
ﬂ applied

(b)

Figure 3.4: (a) Pull-design arrangement of tension element and (b) push-design arrangement of
tension element

can be attributed to the other conditions set.

Pretension: The pretension of the elements requires careful design to maintain equilibrium.
Due to the delicate design requirements (thickness of components, desired low stiffness, and
material choices), pretension should be avoided. Not only does adding pretension create
additional complications in calibration, but it also tends to move the eyeball in the restricted
direction (z-axis rotations), may induce creep, and generate normal forces leading to more
frictional forces.

Design complexity and constraints: All the mechanisms and structures should be below
the eyeball structure. Any protrusion of the structures above the eye hemisphere would cause
interference with the tools and possible future eyelids and other dummy facial structures of
the mount.
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Based on these prerequisites, there were 7 different choices of design:

Hydraulic
Pneumatic
Magnetic
Linear spring
Torsional spring
Compliant wire
Compliant strip

No ok

The selection of the design element is based on the Harris profile as seen in Table 3.1 which
compares each choice based on the attribute and scores from 1 (Less suitable) to 3 (more
suitable). The design with the highest aggregate score is chosen.

Table 3.1: Harris profile for scoring and choosing the best-suited choice

Requirements | Desired . Eas_e of Design .. | Total
. . Energy loss | Stability | maintenance/ . Cost per unit
m flexibility - complexity (out of 18)
compatibility
Hydraulic 1 2 2 2 1 1 9
Pneumatic 2 1 2 2 1 1 9
Magnetic 2 3 1 1 2 1 10
Torsional spring 2 2 2 3 2 3 14
Linear spring 2 2 2 3 2 3 14
Compliant wire 3 2 2 3 3 2 15
Compliant strip 3 2 3 3 3 2 16

The desired flexibility of the tension element is very low at around 0.7 - 1.5 g/deg. Hydraulic
elements are almost insensitive or may not work at that desired stiffness. Energy losses are
predominantly friction along the element and at contact. Pneumatic element also tends to lose
energy due to compression of air along with friction in pistons. Lack of stability is measured by
the tendency of the element to move the bodies or redirect most of the reaction forces in the
restricted direction. The element needs to be compatible with stainless steel or other metallic
surgical tools (magnetic element would interfere due to proximity) while also being easy to
clean and set up. The design should be simple enough while also being foolproof. The cost to
produce or purchase one unit must be cheap. Based on the total score obtained, the compliant
strip design is chosen.

3.3.2. Design of the tension elements
The design of the compliant strip (referred as tension element from now on) is based on the
following parameters:

Positioning of the elements: Among the two configurations of the element concerning the
structure as shown in Figure 3.5a and 3.5b, the former is less space-consuming but for the
project, it is difficult to run trials and make replacements. Although it has not been tested, the
single-point contact of the element on the lower eyeball plate may turn to a multi-point contact
after a certain deflection point. Therefore, Figure 3.5b is adopted for the prototype.
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Figure 3.5: Possible orientations of the tension elements
Number of elements: Since there are 4 major directions of movement in the eye, the num-

ber is elements in the design is restricted to 4. Each additional direction, which is a vector sum
of two major directions, is managed by a parallel spring system.

Restriction of the rotation of the eyeball along the Z-axis: The width of a cantilever beam
is the critical parameter that restricts the sideways movement. Therefore, the width of the el-
ement needs to be such that it offers the most resistance while not increasing the stiffness in
the downward direction. The point of contact/attachment also needs to be designed to restrict
sideways motion.

Categorization of the motion: The motion of the eyeball and the attached lower eyeball
plate follows an arc pattern as shown in Figure 3.6a. The allowable range of the motion is
about 20-25 degrees from the horizontal. The circular motion of the lower eyeball plate can
be categorized into three parts — a moment or twist, linear downward, and linear inward, as
shown in Figure 3.6b.

The tension element can either take consider the deflection due in all these three modes,
resulting in a larger restoring force, or choose one of the motions while ignoring the other two
modes. In the preliminary phase, both choices were chosen and tested.

Selection of the element design: Tension element 1 (‘T1’ for short) was designed to con-
sider all three modes of deflection. Its design was improved from the failed basic design ‘TO’
(Figure 3.7a) and was based on the curved profile of an archery bow, shown in Figure 3.7b.
Since it needs to be secured on the lower eyeball plate to deform in all modes, a pin profile
was made at this contact point. This would reduce the effective spring stiffness of the system
(when tilted in a major direction) to two times a single element rather than a combination of
all four elements, two of which need to twist. A single proposed design was made and tested.
Even without considering the entire system, the stiffness of bending an isolated element far
exceeded the stiffness desired. Therefore, this category of design consideration was not se-
lected.
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Figure 3.6: (a) Possible limits of motion and (b) Simplification of motions at the joint and contact
surfaces

Tension element 2 (‘T2’ for short) was designed considering only the downward movement of
the eyeball and lower eyeball plate being monitored while freely allowing the twist component
of the eyeball motion. The linear inward movement is very small compared to the linear down-
ward movement in the functional range, therefore this motion is also allowed to be free. The
resulting design was a simple cantilever beam with a width wide enough to restrict sideways
motion as shown in Figure 3.7c. Each of the four elements is just in contact with the lower eye-
ball plate without any pretension. The lower eyeball plate has ridges along which the tension
element can move. The contact surfaces of this lower eyeball plate and the tension element
must be very smooth to reduce friction during the free inward movement. While bending the
setup in a major direction, only the spring directly under it comes into play, therefore the result-
ing effective stiffness is far less than the system with four T1 elements. The effective stiffness
in additional direction, in theory, has an effective stiffness twice that of a single element due
to the two-parallel spring system. Thus, design T2 is selected for the prototype.
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(a) (b) (c)
Figure 3.7: (a) TO basic design, (b) T1 design, and (c) T2 design (selected)
Primary dimension of the element: The compliant strip design chosen has a simple rectan-

gular strip of a certain thickness. This thickness is the most important dimension of the design
due to many reasons-

1. Itis the critical dimension in the direction in which the force is applied, and the element
is most likely to fail.

2. Compared to the width, the thickness has the smallest value but has the most relevant
role in the stiffness of the element, alongside the length of the element.

3. The lower the thickness, the lesser the stiffness, and this thickness of the element de-
pends on the choice of the manufacturing method.

The stiffness of a cantilever beam design for a point load is given by k = 3.E.I/L3 wherein
‘E’ is Young’s modulus of the material, ‘I’ is the moment of inertia which for a rectangular cross-
section is 1=(b.73)/12 with ‘b’ being the width, ‘h’ as thickness and ‘L’ as the length of the beam.
The width is set to 2.5 mm to avoid Z-axis clatter and the length to 25 mm to be within the
workable volume range.

However, this formula is only for small deflections and assumes linear mechanics, which may
not be suitable for our tension elements. The non-linearity arises from both the large functional
range of motion of about 15-20 degrees as well as the material being used. The manufacturer
of the 3D printing material had specified that the hardened 3D printed resin used in this project
has the drawback of not having a consistent mechanical behavior profile which could be due
to inherent material properties as well as the printing specifications.

Rather than theoretically determining the material behavior, a simpler technique was used.
First, the thinnest possible strip was printed with the mentioned values of width and length.
This thickness was advised to be 0.5 mm by the lab technicians since anything thinner would
fail to be printed. Primary tests were carried out as mentioned in Chapter 5 to find its stiffness in
g/deg and compare it with the necessary range. Assuming the stiffness ‘k’ is highly influenced
by the thickness ‘h’ (i.e. stiffness, k a A" where n is some rational number), the thickness was
doubled, and the stiffness was checked again. Upon checking, the overshoot of stiffness of 1
mm thick strip was slightly small, therefore based on trial and error or deduction of 0.05 mm
each time and checking, the thickness of 0.85 mm tension element gave us the stiffness value
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within the range we needed it to be in. Note: In this report, this part is being called 'compliant
strip’, ‘compliant arm’, ’flexible element’, and 'tension element’- all being the same names that
can be used interchangeably.

3.4. Lower eyeball plate

The primary function of the lower eyeball plate is to hold the eyeball over the steel ball so
that the former can move over the latter. This is done using a 2-pin design on the top of
this piece which fits into two of the four circular slots in the eyeball. It also comes in contact
with the tension element and works as an extension of the eyeball piece. Based on the initial
basic evaluation followed by the choice of tension element design, the slits to hold the arched
tension element is replaced by 4-way ridges on which the tension element would slide. The
ridges would prevent the Z-axis rotation. The height of the ridges is such that it prevents
the tension element from being dislocated under extreme motion. The contact surfaces are
smooth to reduce friction. Figure 3.8 show the new and old designs of the component.

Old

New

Figure 3.8: lower eyeball plates

3.5. Eyeball piece

The eyeball piece is designed based on the anatomical dimensions- a diameter of 24 mm. Itis
a solid hemisphere with a flat surface underneath having 4 small pinholes and a larger central
hemispherical groove to fit on the lower eyeball plate and the 12 mm steel ball respectively.
The upper surface of the hemisphere has a stepped circular groove feature, with the other
diameter being about 13 mm. When the cornea piece, lens, and membrane are fitted on the
grooves and locked in the notches, the anterior chamber is recreated within the cornea piece
with similar anatomical values. The notch feature is a newer feature added after the surgical
trials to the pre-existing ‘slot’ in the eyeball. Figure 3.9 a, b, ¢, and d show the design of the
eyeball pieces.
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Figure 3.9: (a) Eyeball with notch feature, (b) close-up of notch connection, (c) eyeball with slot
feature, and (d) close-up of slot connection

3.6. Corneal piece and anterior chamber

The anterior chamber is the space of focus of the prototype where the tools are being used
by the trainees. The sharp scalpel-like tool called the keratome is used to make a small cut
on the cornea near the limbus, a ring-like visual structure on the outer edge of the cornea.
This interaction and the further movement of the micro forceps through this cut leads to the
movement of the eyeball, commonly seen by the unsteady hands of the inexperienced trainees.
Therefore, the design of the prototype needs to incorporate this interactive design.

One of the most important design aspects of the cornea design is the size- the volume enclosed
by the cornea and the resulting anterior chamber needs to be as identical to that of a human
eye as possible. The artificial cornea structure also needs to be transparent so that everything
is visible from the top to the surgeon. The pupils are always dilated during a real surgery, so
they are not necessary to be made in the proposed model. Based on these requirements, the
options were either to use something off the shelf that has the necessary features or to create
something using chemical mixtures such as transparent plastic or silicone. Based on the
detailed analysis mentioned in Chapter 4, a soft lens is cut to the desired shape. The cornea
piece is an attachment that goes on the top of the eyeball piece, in the specially designed
ridge. It has a dome ring with a wide circular opening at the top held by a few thin columns with
windows in between them. The dome ring is primarily to support the lens which is placed on top
of it and the windows are opening through which the keratome and other instruments can enter
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Figure 3.10: Versions of corneal pieces - (a) older version, (b) newer version, and (c) corneal pieces
(newer version) with silicone membrane around it

the anterior chamber. When placed accurately, these windows align exactly at the location
where the keratome is used in a real human eye during surgery. The number of windows and
their sizes can be varied as long as the dome ring can be securely held. The entire piece is
coated with silicone to replicate the incision of the cornea as well as be the contact point which
when interacted with, pushes the eyeball about the tension elements. Figure 3.10 shows the
old and the new design versions of the component.

The lens and capsular membrane bag around it are replaced by a hydrogel slice and eggshell
membrane. These two are kept on the raised platform in the circular ridge on the top of the
eyeball piece. The membrane needs to be held under tension without any wrinkles, even
during the capsulorhexis activities. The friction between the membrane and the cornea piece
held by the notch of the eyeball piece and the downward force by the cap should provide
enough grip to hold the membrane under tension.

3.7. Tolerances and fixtures
The tolerance for the flat surfaces coming in contact with each other and lock is about 0.05-0.07
mm. This is visible between the base-tension element and corneal cap—eyeball notch contacts.
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The tolerance between two concentric circular contacts is 0.1 (diametrically). This is visible
between contacts between the spherical steel ball-eyeball-lower eyeball plate, pins between
the eyeball-lower eyeball plate, and the circular ring of corneal piece-eyeball contacts. These
contacts were determined by trial and error while exploring the usage of lubricants, adhesives,
and filler materials between the fixture surfaces. Compliant features were tried and tested but
were not achievable due to their delicate structures and sizes.

Permanent fixtures: The steel ball is fixed to the central pillar of the base piece and is
never moved. Therefore, it is fixed with superglue. This fixture process needs to be done with
caution to not spread the superglue over the top surface of the steel ball as it might hinder the
movement of the eyeball.

Temporary fixtures: The prototype allows the user to use tension elements of different stiff-
nesses according to their need. The contact between the tension elements and the slots in
the base is temporary and is generally held firmly in place using a filler such as thin paper.

The corneal piece and the eyeball are held together with a pin-notch setup. The capsular
membrane also acts as a filler material which further reduces the space (tolerance) between
the pieces so that pieces are held firmly. Before the notch feature was introduced, cyanoacry-
late glue was used to hold the corneal piece along with the membrane within the straight slot
of the eyeball. This glue does not harden as quickly as the superglue as it takes about 60-75
minutes to harden in damp surroundings. The high viscosity and the stickiness of the glue
were responsible for filling in the thin gaps and prevented the pieces from falling off rather
than the hardening property. This allowed the user to install the pieces at least 30 minutes in
advance before the trials began and clean the pieces after the trials within the time window.

The pin contacts between the eyeball and the lower eyeball plate can either be permanent or
temporary depending upon the usage. Although there is no practical need to separate these
pieces while performing different trials, the user might be interested in using the base-tension
elements-steel ball-lower eyeball plate arrangement as a flexible stand that can hold different
attachable eyeball models. Both cases were considered while designing the pieces. A super
glue would ensure a permanent fixture and a small paper filler would provide a more tempo-
rary fix. Cyanoacrylate glue is not recommended for temporary fixtures as the residue might
harden and damage or block the pin-slot provision over time.

3.8. Full model overview

Figures 3.11a and 3.11b shows the exploded and assembled views of the prototype. The
whole prototype fits into a cylinder of 70 mm and a height of 50 mm. It weighs about 60 grams.
Figures 3.12a, 3.12b, and 3.12c show the prototype in use.

Note: All the major dimensions of the parts can be found in Appendix B.
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Figure 3.11: Full model views of the prototype.
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Galaxy S23 Ultra

Figure 3.12: Prototype images (a) incision check (without any liquids or contact lens), (b) side view,
and (c) close-up view over complete corneal chamber with plastic film instead of eggshell membrane
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Materials and preparation

The choice of the materials for specific components of the model depends on several factors
as listed below:

1. Properties: All the materials chosen must have almost the same material properties as
that of the tissue in the human eye or when used as a component, give the desired re-
sponse.

2. Availability/resource management: The chosen material should not be too difficult to ob-
tain in the setting being used. This is particularly important since it is difficult to get
certain materials in LMICs due to the availability or the high cost of purchase, especially
if they are under the ‘consumables’ type. This often rules out materials that have the
exact properties required as they cannot be used practically due to cost/ availability.

3. Method of preparation: Since the intended purpose is in a medical facility, the method of
preparation must either be simple or be made using existing machines in the laboratory.
Components that use simpler materials but need to be prepared using specific highly
sophisticated machines are not desired. Off-the-shelf materials are deemed to be better
due to their standard properties and relative ease of use with little preparation.

Assumption: Most of the parts are done on a 3D printer and it is assumed that the 3D printer
is used in the medical facility. The 3D printer used for this prototype is Formlabs Printer be-
cause of the dimensions of the smaller parts being used. This 3D printer is not commonly
used currently in medical universities, especially in the LMICs but based on the technological
advancements and use of other additive manufacturing research in the medical domain, this
type of printer may be fruitful in the years to come.

4.1. Structural components

Most of the structural components and the molds for the corneal structure are made on Form-
labs 3D printer using the Draft resin [72]. It is the most common and standard resin used by
the printer. Its material specification is listed in Table 4.1.

Table 4.1: 3D printing material properties

Property Value
Ultimate tensile strength | 52 MPa
Tensile modulus 2.3 GPa
Flexural modulus 2.3 GPa
Elongation 4%

28
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One of the listed disadvantages of using this material is the slight unreliability of the spe-
cific mechanical properties [73]. This is especially crucial to consider while making the tension
elements of the desired shape since the final component might have a small deviation from the
theoretical value. The surface quality of printed components was also checked and found to
be within acceptable range with little friction. The printing specification is as given in Table 4.2.

Table 4.2: 3D printing specifications

Specification Value

Software and version | PreForm version 3.32.0
Layer thickness 0.05 mm

Print setting Default

Supports Yes

Post curing setting Full post-cure

Post cure time 60 minutes

Post cure temperature | 60 degrees C

4.2. Ball joint

The ball joint attached to the base is a standard stainless-steel ball-bearing of 12 mm diameter.
Since there are no large magnitudes of normal reaction forces in the joint, the exact material
of the ball bearing does not matter if the surface is smooth.

4.3. Corneal tissue

The 3D-printed corneal piece needs to be coated with a membrane that can interact with
the surgical tools at the user’s disposal while training on the prototype. The incision and the
movement of the tools happen across the corneal membrane. The trainee must be able to
feel the same resistance provided by a real cornea while working on the prototype. PMMA
[74] and silicone are the most commonly used artificial cornea substitutes for experimental
studies. Although PMMA is transparent and may have sufficient structural strength to not need
the underlying 3D-printed corneal piece for rigid support, the manufacturing process for small
parts with tight tolerances is difficult. Silicone membranes are easier to mold into smaller and
thinner shapes. They are also hydrophobic and have low surface tension when in contact with
water. This combined with its self-closure tendency (for small clean cuts) helps to replicate the
self-sealing nature of a real cornea and prevents water spillage from surgical puncture sites.
These sites are also very easy to repair by adding a tiny amount of silicone resin on it and
curing it. Figure 3.10c (Chapter 3) shows the membrane over the corneal piece.

For the prototype, PlatSil Gel-00 from Polytek Development Corp. is used. The reason for
using this specific silicone over other varieties is its ability to be moldable into thin membranes
without any deformities or tears. The material properties are as shown in table 4.3 [75].

The membrane is translucent after curing. Therefore, a view window is made at the top of
the dome ring for visibility.

4.4. Corneal cover

In a real human eye, the entire cornea is transparent. During the surgery, the microscope is
facing directly into the eye from the top and the view window to look at the cataractous lens is
as big as the dilated pupil. Ideally, the corneal membrane in the prototype is supposed to be
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Table 4.3: Materials properties of the silicone resin

Specification Value

Mix Ratio by Volume | 1A:1B
Pour time 6 minutes
Demold time 30 minutes
Cured Color Milky white
Viscosity 22,000 cP
Elongation 1.275%
Tensile strength 154 psi
Die B tear strength 56 pli

completely transparent, which is not the case with the silicone used as the part is translucent
when ejected from the mold. Since all the surgical tool interactions take place through the
windows beneath the dome ring, a clear dome-like section can attached at the top of this
structure for visibility. The size of this opening should be at least as big as the pupillary dilation,
which is about 8 mm [60]. There was a choice of either using some products off the shelf
or choosing a specific material and preparing it in a particular shape. Based on the talks
with experts in the field of materials, specifically plastics, and silicone, it was found that a
transparent component with the required dimensions without aberrations, bubbles, or defects
is very difficult to consistently make using regular setups. Therefore, the focus was directed
towards finding the component in the common market or the medical facility. A hard contact
lens was found to be very suitable for this purpose due to its exact shape and optical clarity.
However, it has not been used in the current prototype because it is difficult to obtain, especially
without a prescription and an appointment with the optician even for a default lens and it is
quite expensive per pair. The next alternative was a soft contact lens which was available very
easily and inexpensive. The contact lens used in the prototype is a daily contact lens bought
from a local store. The exact power of the lens does not matter for its purpose in the prototype.

The soft contact lens off the shelf has two major problems. Although it has the right height, the
base diameter of the lens was 13.4 mm, slightly higher than the anatomical value on which the
holder was designed. Therefore, the lens needs to be cut carefully into the shape desired using
a cutting tool (See appendix). The second problem was that the lens was too weak to retain
its dome shape when placed on the corneal piece for an extended time, as shown in Figures
4.1aand 4.1b. Even when the prototype is fully assembled and the anterior chamber filled with
water, the contact lens placed over the circular orifice would flip outwards. Gluing the lens to
the corneal piece does not alleviate the trouble either. This problem was ascertained to be
because of the water-air surface disparity between the two lens surfaces. Similar observations
were made when the anterior chamber was filled with saline solution while the outer surface
was exposed to air or water drops. This is determined to be due to diffusion along with unequal
stretching of the lens- the surface in contact with low concentration solution (or water between
air-water separation) tends to expand more than the other side and hence the lens dome flips.
This issue can be solved by using the same liquid used in the anterior chamber to wet the lens
from the outside drop by drop every 2 minutes or so to keep the surface hydrated.

4.5. Capsular membrane
The anatomical capsular membrane covering the lens is held in the eye by the zonules and
ciliary muscles. In the prototype, the membrane must be stretched without premature tears or
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Figure 4.1: Contact lens peeling and flipping.

wrinkles as shown in Figure 2. There are very few works of literature that discuss the use of
phantom capsular membrane materials in phantom eye projects. Almost all the materials and
chemicals the authors mention are chosen based on the setup-specific thin-film manufacturing
methods such as physical/chemical vapor deposition and spin coating. While the membranes
they replicated using these methods and materials are of high quality, both in terms of com-
parable thickness and tear strength, there are several reasons why they were not used in this

project. Firstly, the setups required for making these membranes may not be available in a
medical teaching facility in LMICs. Secondly, the capsular membrane to be used in this pro-
totype is the only part that needs to be replaced after every trial (in case of severe failure, the
hydrogel lens may need to be replaced too, but not too often). Therefore, problems associated
with material cost and availability might cause issues.

Alternatively, an off-the-rack choice of membrane material is more suited for this component-
something that is thin (in the range of 20 - 40 microns), has similar tensile properties, and
tears in a similar manner when operated on by surgical instruments. Plastic films had the right
thickness but were too tough and stretchy since they were manufactured to not tear easily.
Eggshell membranes have been widely discussed to be used for imitating the peeling of the
internal limiting membrane (ILM) during vitreoretinal surgery. A study in 2023 [76] showed the
usage of eggshell membranes having properties similar to the anterior capsular membrane in
the human eye. This is supported by another study [77] which claims that the surgeons also
agreed that this membrane can be used to train both anterior eye capsulorhexis as well as ILM
peeling in the posterior eye. Dr. Thomas (collaborator) and Dr. Efe (surgeon for surgical trial)
also supported this claim. Therefore eggshell membrane was chosen to be used to imitate
the anterior capsular membrane in this project.

A small hole is made in the raw egg from the side and the contents are removed, leaving out
the shell with its internal membrane intact. The shell is then kept in boiling water for about 1
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Figure 4.2: Tension and stretch direction of the capsular membrane in the prototype (tolerances are
exaggerated).

minute to sterilize it. The papers do not specify how exactly the membranes are extracted from
the eggs. A weak acid such as store-bought vinegar is used to dissolve the eggshell leaving
behind the membrane relatively intact. The shells are dipped in vinegar overnight as the shells
dissolve or crumble away, depending upon the concentration of acetic acid in vinegar. The
eggshell membrane can be easily separated from the remnants of the shell and be stored in
fresh vinegar or saline solution (PBS) for usage. The membranes need to be used within 48
hours of the preparation process to avoid decomposition.

4.6. Cataractous lens

The anatomical lens in the eye exerts tension on the capsular membrane, which keeps it
stretched firmly. While the posterior segment of the anatomical lens is bulging, the anterior
part is much flatter. During the capsulorhexis procedure, the lens acts as a semi-hard medium
on which the procedure can be carried out. The exact color of the phantom lens does not mat-
ter as long as one can differentiate between the membrane boundaries and the lens in the
prototype.

One of the prime candidates for the materials is hydrogel as it can achieve the required stiff-
ness while also being squishy while maintaining its shape. Figure 4.3 shows the hydrogel
‘Orbeez’ used in the prototype. Orbeez are commercially available hydrogel balls made up
of Sodium polyacrylate and can absorb a large amount of water to increase in volume [78].
It is often used in soilless plant pots, crafts, and other recreational activities while being very
cheap. During the usage of orbeez in this project, it was found that cutting the fully swollen
hydrogel with a very sharp knife and keeping it in a small tightly sealed humid container will let
it retain its shape for months at a time. While the dehydrated beads are hard and brittle, the
fully swollen orbeez ball is firm and bouncy. The stiffness can be toned up by dehydrating the
piece and locked by sealing it in the container until it is used. The slice used in the prototype
is about 1-2 mm thick, 8 mm in diameter, and flat on top.
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The other material suitable for the lens is the silicone used for the corneal tissue. Unlike
hydrogel, silicone pieces cannot be fragmented and are tough to tear apart. Since the capsu-
lorhexis training does not involve lens dissection and cracking, both materials can be used for
the training, depending upon the case study. The hydrogel lens is squishier than the silicone
counterpart. The silicone cataract lens is made using a tray-shaped mold having circular holes
to be filled. The final lens is flat and has a thickness of 1-1.5 mm, 8 mm in diameter.

Figure 4.3: Cataractous lens choices

Note: Assembly of all the parts and steps to prepare silicone parts can be found in Ap-
pendix A.
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Experimental setups, protocols, and
verification

Electronic components: FUTEK force sensor was used to measure the contact force between
the probe and the specimen. The sensor had a range of 0 to 1 N with 1000 divisions, which had
been calibrated by adjusting the resistance of the signal conditioner using standard weights
[pics in appendix]. A Micro-Epsilon optoNCDT 1302 laser displacement sensor was used to
measure the precise linear motion of the stage. This sensor had a range of 20 millimeters.
Both the displacement and the force sensors were connected to the Scaime CPJ RAIL signal
conditioner (green box), which in turn was connected to the NI USB-6008 Multifunction I/O
device which worked as an analog-digital converter (white box) connecting the sensors to the
computer via a USB cable.

Softwares: The sensor data were gathered and processed using the NI LabVIEW 2018 (64-
bit) student edition. The program file containing the block diagrams, codes, and controls used
to obtain the raw data was provided by Jacques Brenkman from the Meetshop at 3ME. The
overview of the block diagram is shown in Figure 5.1.

The recorded data is stored as an Excel file with 5 columns, each for time (ms), Force (volt-
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Figure 5.1: Block diagram of the LabVIEW file

age), displacement (voltage), Force (N), and displacement (mm) respectively.

MATLAB version R2022b was used to extract the raw data, process it, and obtain the graphical
and numerical stiffness values. A simple script was written to extract the force and displace-
ment data from columns 4 and 5 respectively and the results were plotted and compared. For
each graph, the slope was calculated at the initial 10 degrees to obtain their corresponding
stiffnesses.

Testing rig setup: A 200x200 mm PMMA board with slots was cut using a laser cutter which

34
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served as a true base for the setup. Two long steel columns with square cross-sections were
attached underneath the PMMA base to elevate it and provide a good grip. A THORIabs man-
ual linear stage with Mitutoyo linear screw handle of 0-25 mm range and 0.01 least count was
attached on the PMMA base with M6 screws and nuts. A platform for the force sensor and a
laser sensor holder were 3D printed using PLA and were attached to the PMMA base. The
sensors were attached to these provisions. Depending upon the experiment, either an angled
baseplate to hold the whole prototype or a perpendicular platform to hold the individual tensile
elements were attached to the linear stage with screws. The angle of the baseplate for the
prototype was set to +15 degrees towards the force sensors to increase the working range of
the setup.

5.1. Preliminary experiments

5.1.1. Stiffness of a single compliant strip

Objective:
1. To compare the experimental stiffness of complaint strips of varying thicknesses.
2. To find the effect of varying the speed of platform motion.

3. To compare the variation in the stiffness and Force-displacement profile after 20 cycles
of loading and study the mode of failure for compliant strips of varying thickness.

Setup and experiment:

Three samples from each of the compliant strips of thicknesses 0.5 mm, 0.85 mm, and 1
mm. Setting three ranges of speed and calculating the rotations of the micrometer per second
to achieve these linear speeds, which in this case is ‘0.5’ cycle/s for 0.25 mm/s (slow), ‘1’
cycle/s for 0.5 mm/s (medium/ standard) and ‘2’ cycles]/s for 1 mm/s (fast). A special platform
to hold the compliant strip in the intended position as shown in Figure 5.2a and 5.2b. The point
of contact between the probe and the compliant strip should be the same as that between the
strip and the lower base of the eyeball in the complete setup. Force value ‘Fs’ is obtained
from the force sensor. For the sake of comparison with the complete setup in the following
secondary experiment, the angular deflection is calculated with the distance ‘R4’ which is the
distance between the center of the steel ball and the point of contact of the lower eyeball plate
and strip instead of the length of the cantilever strip. ‘R4’ is also the same as the radius of
the eyeball and the point of incision on the slots of the corneal eyepiece which is 12 mm. The
distance ‘'S4’ is the distance moved by the probe, which is the same as the linear movement
of the point of contact in the full model assuming the arc length is the same as the linear
movement. This is shown in Figure 6.12a.

The angular distance 6 is calculated using the formula-
S1=R4.sind

The stiffness of the strip ‘K’s’ in g/deg is calculated using the formula-
Ks= AFs/Af0 *101.9716

Experiment:

1. A single compliant strip of a particular thickness is held on the platform of the testing rig
in such a way that the probe is perpendicular to the strip. Sensors are set up to monitor
the forward movement of the strip on the platform. The platform is moved forward for 5
mm at medium speed and the data is recorded. Then the platform is brought back to the
initial position and is repeated two more times. This step is carried out on the other two
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Figure 5.2: Preliminary experiment setup.

strips of different thicknesses.

2. A new compliant strip of 0.85 mm thickness is placed on the platform and step 1) is per-
formed again at a slow and fast speed; each being conducted thrice on the same strip.
This is done to avoid the deviations arising from minor thickness variations from multiple
samples. The mean values of the plot points of each speed category are calculated and
graphically represented.

3. The specimens used in step 1) are loaded onto the testing setup and the 0-5 mm back-
and-forth movement is carried out another 16 times at medium speed. On the 20th cycle,
the data is recorded as the specimen moves from the rest to the final position until the
failure is observed (break, yield or locking). This step is conducted for compliant strips
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of other thicknesses using samples used in Step 1.

5.1.2. Tear, fit, and water retention test of the silicone ring

Test 1: Fit the corneal cap on the eyeball. Using a keratome, a horizontal incision is made
through the window and poked through it. If the silicone film does not tear beyond the incision
hole, the test is considered a pass.

Test 2: After test 1, a micro forceps or any such capsulorhexis needle is inserted into this cut
and the capsular membrane is torn or wiggled. If the membrane does not slip off, this test is
a pass.

Test 3: All the tools are removed, and water is filled in from the dome top and covered with the
lens piece. If there is no leaks, the test is a pass.

5.2. Secondary Experiment: Torsional stiffness test of the setup
Objective:To determine the torsional stiffness of the eyeball movement in all directions (major
and minor) along with the twist and to plot it on the graph.

Prerequisites: The contact surfaces need to be smooth to reduce friction as much as pos-
sible. The laser displacement sensor should be aligned in such a way that the total motion of
the platform is within the range of the sensor.

Setup: The prototype with 0.85 mm compliant strips is securely held on the baseplate of
the testing rig as shown in Figure 5.3. In the first run, the force-sensing probe is aligned to one
of the four major directions of the tilt. An attachment is chosen which is either blunt, blade, or
rod-shaped and is fitted on the tip of the probe tip. The point of contact of the probe tip on the
dummy eyepiece is defined and measured from the center of the metallic ball of the joint and
named ‘R,’ whose value is 16 mm. The platform on the setup has a forward default tilt of 15
degrees and hence the protruding flat contact area of the eyeball is at this angle to the probe.
This pre-tilted design makes sure that the probe does not slide off too much along the contact
surface during the experiment.

Experiment: The probe is pushed against the contact surface in an incremental step rate
of 0.5 mm/s and the force values ‘F’ are recorded in N. As the eyeball tilts, the distance cov-
ered by the platform is recorded/ monitored by the laser displacement sensor which is later
converted to angular movement. (Conversely, the linear distance of the probe motion ‘S,’ can
be approximated to the arc length due to the small functional range of the prototype and the
angle be found by the formula-

So=R,.sinf

The prototype is then turned towards other major and minor directions and the steps are re-
peated. The probe location is changed to measure the torsional stiffness in the restricted twist
motion.

After obtaining the force-displacement data, the torsional stiffness in N/deg, further converted
to gram force per degree (g/deg) over the functional range-

Kiot= IAFio/ A8 * 101.9716*Z

Here Z is the ratio Ryo/R¢. This is added in the formula since there is an offset between the



5.3. Clinical Evaluation 38

Probe

——

Force sensor

Dummy eyepiece

=\ AE T

T ]

(b)

Figure 5.3: Secondary experiment setup.

actual corneal eyepiece piercing point (which is designed to be the same as R1) and the point
at which the probe pushes the plate on the dummy eyepiece. The value of Z is 1.3333. The
slip distance of the probe on the plate is ignored Due to the small functional probe movement
range of 5 mm, the deviation of the strip is small, therefore an average torsional stiffness value
can be assigned in each direction and plotted on the radial plot graph.

5.3. Clinical Evaluation
Objective: To check whether capsulorhexis and associated surgical procedures be carried out
on the prototype by a qualified and experienced surgeon in a real cataract surgery situation.

Experimental setting: The trial was carried out at a wet lab facility provided by Dutch Oph-
thalmic Research Centre B.V. The wet lab provided a surgical setting with an operation theatre
style setup of bed and surgical microscope suitable for eye surgery. The room had multiple
cameras and the sessions could be recorded. The trial was conducted by Dr. Efe, a cataract
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surgeon with more than 15 years of experience. A tray with all the necessary tools was kept
by the surgeon’s side.

Pre-trial orientation: A brief presentation was given to the surgeon to showcase the proto-
type and the objectives. A consent form was given to the surgeon as well the DORC person
in charge and overseeing the trial — Mart Gahler regarding the trials, questionnaire, aspects
of biological tissue in the prototype, and handling of the trial results in the form of audio, and
video, and written feedback. The surgeon was made aware of the possible failures of the pro-
totype during the trials such as parts falling off, liquid leakage, and radial tear or membrane
slip. A questionnaire containing 15 questions (shown in Chapter 6) each of which can be rated
as either ‘needs improvement’ or ‘functional’ was given to the surgeon for his reference.

Trial and post-trial: The prototype was assembled and placed on the table under the mi-
croscope while the cameras began to record. A live feed from the microscope was made
visible on the LCD screen next to the setup. Due to the relatively simple and safe procedure,
everyone was present in the wet lab next to the surgeon during the trial, with each question
from the questionnaire being raised as the procedure continued. The surgical instruments on
the tray chosen for the trial were a stab knife 15 degrees (also called a keratome), a standard
cystotome made by bending the tip of a needle on a syringe, a Mohr Capsulorhexis forceps
intraocular style (23 gauge / 0.6 mm), and a syringe containing viscoelastic liquid, also called
Ophthalmic Viscosurgical Device (OVD). The trial was conducted as a regular surgery until
the completion of the capsulorhexis stage was completed either successfully or unsuccess-
fully, all while the doctor gave feedback at each step. After the ftrial, the surgeon filled up
the questionnaire while also giving his critical insight into each component of the prototype as
well as explaining why certain points were graded high or low in the questionnaire. The trial
concluded with the surgeon giving his recommendations on how to improve the prototype in
certain aspects (the unedited questionnaire is attached in the appendix).

5.4. Validation by training surgeon

Pretext: After the clinical evaluations were done and the results were obtained, the prototype
underwent a few minor changes to address the concerns. These involve either the setup steps
(addressed in Chapter 3 under "Tolerances and fixtures’), processing such as further reducing
eggshell membrane thickness, or use of contact lenses as discussed in Chapter 4. The new
version was now packed and sent back to Dr. Thomas in India for further analysis as a training
surgeon (henceforth called a trainer).

Objective: To assess whether the prototype is suitable for training purposes by a trainer.
Feedback from the trainer after the tests was to be conveyed to the author.

Validation trial: Apart from carrying out the capsulorhexis procedure similar to the previous
trial on their own, the trainer would perform other checks and trials. The author had briefly
suggested some of the checks to be done which the trainer interpreted and expertly tested
along with his own trials. These are as follows:

1. Ease of assembly- checks to determine how comfortable and repeatable the assembly
of the prototype is designed to be.

2. Functionality check- checking the appropriate strength to move/support the moving parts
(under various tension element stiffnesses). It also involves checking the range of the
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eyeball's movement.

3. Visibility of the anterior chamber under the microscope- similar to the clinical trials. The
ability to use Methylcellulose (for developing countries) in the presented model to fill the
anterior chamber apart from regular saline water.

4. Possible use of dyes to stain the capsular membrane.

5. Paracentesis- A procedure wherein the anterior chamber is either drained or pressurized
to maintain the maintain the intraocular pressure (IOP) using syringes.

6. Maneuverability- ability of the cannula to move appropriately in this eye model.
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Results and discussions

The range for calculating the stiffness was between 2- and 10 degrees of flexion. The initial
point was set to 2 degrees and not the origin because of the small yet sudden shifts along the
Y-axis between 0-2 degrees. This variation is likely due to the sudden contact with the probe.
In most of cases, the first major slip at the contact point between the probe and the surface
occurred after 10 degrees of flexion. The results of the experiments are as follows.

6.1. Preliminary experiments
6.1.1. Change in thickness of the compliant strip

Force displacement for compliant strips of varying thickness
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Figure 6.1: Force-displacement behavior for compliant strips of varying thickness.
Figure 6.1 shows the trend of the force-displacement behaviors of the batches of different

thicknesses. The mean stiffnesses of each of the batches were as shown in Table 6.1.

The apparent standard deviation of the stiffness values of each group could be mainly due to
the small deviations in the thickness of each strip in a batch and up to some extent the sur-
face roughness between the probe and the contact surface of the strip. The thickness of the

4]
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Table 6.1: Variation of stiffness values for batches of strips having different thickness

Thickness of the strip (mm) | Stiffness values (g/deg)
0.50 0.17 £ 0.05
0.85 1.16 + 0.14
1.00 252 +0.13

strips greatly influences their stiffness values. By comparing the desired range of the stiffness
values in the anatomical eye, we see that the stiffness values between 0.85 mm and 0.5 mm
strips are suitable for the prototype if the strips are printed using this specific material.

During the two separate surgeons’ trials conducted at the later stages of experimentation,
they were given all three options to choose to attach to the testing prototype.

6.1.2. Changing the speed of the platform motion

OI;orce displacement for compliant strips of varying thickness and speed

—0.50 mm trial slow
— 0.50 mm trial medium

0.50 mm trial fast
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Figure 6.2: Force-displacement behavior for compliant strips for varying thicknesses and speeds.

Figure 6.2 shows the trend of the force-displacement behaviors of the batches of different

speeds on the same strip of 0.5, 0.85, and 1 mm thickness. The stiffness values of each speed
batch are as shown in Table 6.2.

From the table, we can see that the stiffness for the fastest batch is lower than the other
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Table 6.2: Variation of stiffness values for different thickness strips at varying speed

Thickness of strip (mm) | Stiffness values (g/deg)

Slow | Medium | Fast
0.50 0.26 | 0.19 0.13
0.85 1.29 | 1.25 0.97
1.00 3.08 | 2.72 2.61

two batches. This effect is more profound upon reducing the thickness of the strip. The major
slips occur beyond 10 degrees of displacement. A faster speed leads to the slip occurring
sooner between the probe and the bent specimen.

A change of specimen of the same batch is likely to have the same or more deviation
from the mean stiffness value as compared to speed and therefore the speed test is done on
the same compliant strip. While the average difference in stiffness values at different speeds
from multiple specimens of the same thickness would have given a definitive percentage in-
crease/decrease, all three samples of different thicknesses show the same trend and hence
this trend can be generalized.

During an actual training session or a live surgery, the incision tools are moved through the
cornea at a medium-fast speed. The capsulorhexis and the tissue fragment handling speed
are at a slow-medium speed. This of course depends on person to person and their level of
expertise.

6.1.3. Variation in the stiffness profile after 20 cycles of loading

Figure 6.3 shows the compliant strip behavior after 20 cycles of repeated loading when loaded
to maximum deflection at medium speed. The full behavior of the strips shows the character-
istic nonlinear behavior of the structure. The stiffness values calculated by the slope of the
curves for the first 10 degrees of each batch are shown in Table 6.3.

Table 6.3: Variation of stiffness values for different thickness strips at 20" cycle

Thickness of the strip (mm) | Stiffness values (g/deg)
0.50 0.23
0.85 1.41
1.00 2.85

The stiffness values for each batch have increased slightly over their mean values (com-
pared with Table 6.1. This may be due to the strain-hardening effect due to repeated loading
although the manufacturer of the resin material has not specified the exact reason for this.
Unlike the other trials which were stopped abruptly on purpose when the probe had moved lin-
early by 5 mm, specimens in this trial were tested up to their limits but only on their respective
20" cycles and data were recorded. The absolute range of the compliant strip has been seen
to increase by increasing the thickness of the strip.

The mode of failure observed for all the specimens irrespective of their thickness was lock-
ing/slipping due to flexion beyond its range as seen in Figure XXs. Beyond this position, the
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Force displacement for compliant strips on 1st and 20th cycle
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Figure 6.3: Force-displacement behaviour of compliant strips of varying thicknesses on 1t and 20"
cycle

probe could no longer push the strip, which is like the failure seen in the complete prototype.

It is highly unlikely that the repeated loading of the complaint strips would have any signif-
icant effect on the outcomes of the speed test. This effect would be a fraction of the deviation
of the stiffness values seen in the table.

During these three experiments, it was observed that the recoil of the compliant strips
was slow after the maximum load applied was removed, especially for the final millimeters to
straighten. This was exacerbated during the repeated loading cycles with each intermittent
waiting time prolonged as the cycle number increased. In an automated testing rig designed
for fatigue life, this might come up as an issue since the strip might not always be in sync with
the speed of the probe unless the strip is held firmly at the tip.

Due to the very low number of cycles in this experiment, it is not possible to specify the
cycle life of the compliant elements of different thicknesses. Since the failure is not a complete
breaking of the strip but more of a plastic deformation, it is possible to reuse the compliant ele-
ments a few more times after bending the strips carefully in the reverse direction and holding
them for some time in that state. This is not a sure-shot method of reusing the elements and
therefore is not recommended unless replacements are not available. The stiffness is also
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likely to change depending on the extent of flexion and usage. Based on the observations
throughout the project, the thicker compliant strips lasted significantly longer than the thinner
ones with the least residual deflection.

In all three trials, the data from testing the 0.5 mm had a lot of scattering despite using the
default filter. While some of this could be attributed to the manual motion of the linear stage
and the internal vibrations in the screw system, most of it is because the recorded data is only
a few magnitudes higher than the least count of the force sensor over the entire duration of
the trial. Additional filters were put on the data to smoothen it to get the stiffness data.

6.1.4. Other preliminary experiments:

The incision test on the partially assembled portion of the prototype was a pass. The incision
wound did not spread beyond the site. Any deliberate attempts to tear were localized to that
particular window in the corneal piece. The incision site on the window was then also found
to be completely sealable when a bit of uncured silicone was put along the cut which shows
that the ports could be reused at least a few more times.

The tool penetration and the membrane grip test were a pass. A 27-gauge needle bent in
the shape of a cystotome was inserted into the partially assembled portion of the eye through
the previous incision site. The corneal piece was held firmly in its place and the membrane
did not slip. No visible wrinkles on the eggshell membrane were seen even in the presence of
water in the anterior chamber.

The leak test was a pass. Once the corneal piece was held in place securely, the mem-
brane provided filled up the gap between the two interlocking pieces. The water did not leak
through the gaps or the incision cuts when the top of the corneal piece was covered with a
lens and in the absence of any external pressure on the corneal surface mainly due to surface
tension. It was seen that if the anterior chamber was pressurized, a small bead of water would
leak from the gap between the corneal piece and the eyeball, especially near the notches.
This could be fixed by using a tiny amount of cyanoacrylate glue that would block the gap due
to its viscosity.

6.2. Secondary experiment
The force-displacement behavior for the individual arms made of 0.85 mm compliant strips are
as shown in Figure 6.4.

‘Direction 1’, ‘direction 2’, ‘direction 3’, and ‘direction 4’ are the major direction stiffnesses
whereas stiffnesses ‘direction 12’, ‘direction 23’, ‘direction 34’, and ‘direction 41’ are the stiff-
ness of the prototype in the direction between the arms, also known as minor direction stiffness.
The values of these are given in the Table 6.4.

It is seen that all the compliant strips (arms) have stiffness values within the acceptable
ranges of 0.65 to 1.5 g/deg as shown by the anatomical details. The results also verify that
the principle of the parallel spring system incorporated in the model — the minor direction
stiffness is almost the sum of the stiffnesses of the pair of arms. The discrepancies are mostly
because of tilting the default eyeball more towards the weaker arm instead of strictly being 45
degrees to each arm. The radial plot in Figure 6.5 shows the mean stiffness variation along
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Figure 6.4: Force-displacement behavior for compliant strips in the prototype for all directions.

Table 6.4: Stiffness values of the compliant arms in the prototype in all directions

Name of the arm or direction | Stiffness value (g/deg)
Direction 1 1.29 4+ 0.06
Direction 2 1.09 £+ 0.15
Direction 3 1.14 £ 0.1
Direction 4 1.13 £ 0.09
Direction 12 1.92 +£ 0.06
Direction 23 245+ 0.15
Direction 34 2.52 4+ 0.19
Direction 41 2494+ 0.1

all 8 directions.

Effect of friction
During the first few attempts of conducting the trials, the data was highly affected by many un-
expected oscillations in the force-displacement behaviors. It was later found out that the small
residuals along the edges of the compliant strip, the rim of the lower eyeball plate, and the
inner spherical surface of the eyeball in contact with the steel ball led to friction between the
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Figure 6.5: Stiffness of 0.85 mm thick tension element model in all directions (g/deg).

contact surfaces. The friction between either the inner eyeball surface or the rim of the lower
eyeball plate and the steel ball often leads to directions resisting the motion more than the
rest. Rust on the surface of the steel ball due to improper use of lubricants would also have
a similar effect. Lubricants were initially applied on the spherical surfaces which increased
the initial pushing force due to the thin film surface tension between the steel-plastic surfaces.
Thus, they were not used.

The tiny stubs of the support structure remnants on the edges of the compliant strip in-
terfered the most as the source of friction, especially when the eyeball was pushed along the
minor direction as they came in contact with the walls of the ridge underneath the lower eyeball
plate. This effect was reduced by a significant amount after filing the edges.

Effect of creep

During the repeated loading experiment, the compliant strips regained their original shape in
a brief period after the load was removed in each cycle. This, however, is not the case for
structural deformity due to creep. In an assembled prototype, the compliant strips are under
a bit of pretension as they are being pushed against the lower eyeball plate. Over time, creep
sets in, and the pretension is lost as the compliant strip retains its bent shape as shown in
Figure 6.6. The findings were based on a fully built prototype which was left unattended for
over a month. The strips did not revert to their straight cantilever position. This effect is more
profound in thinner compliant strips as their stiffness is very low.

Therefore, it is suggested to disassemble the tension elements from the prototype during the
storage period.
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Figure 6.6: Effect of creep due to continuous loading over a month (left one is the unused piece, right
one is the deformed piece after a month)

6.3. Cost estimation

Table 6.5: Cost analysis table

Cost per

Process/ component Retail cost prototype Source
(Approx)

3D printing

Material- V2 draft resin

(inclusive of support structures,

molding parts, and at least 163 EUR/litre | 15-20 EUR [79]

1 spare piece for the corneal

piece and each batch of

tension element)

Silicone membrane

Material cost 60 EUR/kg 1-1.5 EUR [80]

Processing cost NA NA -

Miscellaneous — stirring stick,
cup, release agent (per use), 2 EUR (approx.) | 2 EUR -
gloves, dye (per use), etc.

Steel ball 1.5 EUR/piece 1.5 EUR [81]
0.5 EUR
7.5 EUR for 15 | (for single layer)

Contact lens (daily) [82]

pieces and 1 EUR (for
double layer)

Miscellaneous (per use) -

. 2-3 EUR -
egg, glue, vinegar

Total Cost 20-30 EUR
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One of the main objectives of the project was to make the final prototype as cost-efficient as
possible. One of the main assumptions is that a suitable 3D printer is available at the facility,
or such options are available nearby so that the printing cost could be paid on an hourly basis
and the amount of material consumed. Discussion was held with the workshop technicians at
IWM in TU Delft regarding the costs associated with 3D printing based on European market
prices. Although an exact rate (EUR/hour) was not obtainable, it is estimated to be less than
or equal to the material cost. The material cost may also be much lower than that stated in
the table if the parts are made with other draft resins.

Table 6.5 gives an overview of the cost per prototype. The post-processing is done by the
user and therefore this cost is not added to the overview. The cost of accessories such as
surgical tools and blades for cutting the 3D support structures off the parts are not included.

6.4. Clinical Evaluation

6.4.1. Assessment overview

The original questionnaire was initially unclear to the surgeon, especially the ‘sufficient’ and
‘functional’ columns of assessment. He suggested combining the two columns into the accept-
able’ column so that the questionnaire has a standard ‘yes/no’ format with some explanation
of grading under certain objectives. The filled table is as presented as Table 6.6 where the
chosen option is highlighted in green.

Table 6.6: Assessment Table. (Green = selected)

Pre-trial checks:

Tools used: Cystotome (21G), micro forceps (23G Mohr), and keratome
Thickness of beams used: Medium (0.85 mm)

Lens used/unused: Yes

Dye used/ unused: No

(Additional comments can be given to the * marked criteria, if needed)

Sr.

Criteria Needs Improvement Acceptable

No.

Compatibility with the
tools

Compatibility with the
2 microscope and clarity
of cornea

No

No

Behavior similar to
that of the intact eye
or gets stuck sometimes

Model behavior during
the trial

4 Ease of tool movement Not easy
within the eye

Movement of the eye

5 muscles associated with

the level of mistakes

Range of motion Less than actual

7 Stiffness of the eye Different

Little to no similarity
to human eye movement

»
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8 Anatomical similarity Many inconsistencies
(dimensional)* (>4)
Anatomical similarity Many inconsistencies
9 . "
(tissue texture) (>4)
10 | Ease of comeal Difficult
incision
1 Access to thg site of Difficult
capsulorhexis

12 | Ability to do CCC*
Possibility of complications

13

(tear)

14 | Aqueous humor leakage

Time for completion of the

15 | procedure compared to

standard trial

Easy and similar

Low

Similar or slightly
more time than usual

There were a few concerns raised during the trial and these were briefly discussed by the
surgeon during and after the trials were finished. It was concluded that the prototype was
acceptable if the problems that became evident during the trials were fixed. Some of these
problems were fixed during the trials immediately while the others involved either a design
change or improving the material being used. The whole trial session was recorded, and this
video has been attached to the appendix (as a hyperlink/repository) after approval from DORC
as well as the surgeon.

It should be noted that the outcomes of the trials were obtained first and then the design and
the materials chapters were updated based on the findings and suggestions of the surgeon-
the permanent fixing of the eyeball, dying the synthetic cataractous lens or membrane red (or
using a colored hydrogel slice) and the separation of the eggshell membrane layers using hot
and cold water baths.

6.4.2. Concerns
There were 4 problems faced by the surgeon while performing capsulorhexis on the prototype
and each of these shall be explained in detail.

1) Parts falling off — During the initial part of the trial, the first incision made in the corneal
piece by the keratome knocked off the loosely held eyeball off the lower eyeball plate as shown
in Figure 6.7.

It should be noted that the eyeball was fixed by jamming a thin piece of paper between the
pin connections and the surgeon was made aware of the possibility of this happening before
the trial began. The surgeon was given the option of either being intervened to reattach the
same eyeball back, continuing the trial in that state by carefully balancing it using the other
hand, or fixing it firmly using super glue. The eyeball was reattached twice during the trial and
the surgeon finally decided to continue the trial despite the eyeball being loosely attached.

After the trial ended, a brief discussion was held where another prototype was fitted with
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Figure 6.7: Eyeball falling off

the eyeball using the super glue to test the flexural behavior of the compliant elements in the
model (0.85 mm was preferred). The surgeon suggested that he felt it was better to perma-
nently fix the eyeball to the lower piece as he felt there was no need to keep it separable
according to him.

2) Contrast — The surgeon found that it was difficult to find the initial cut made by the cys-
totome on the membrane as the membrane and the silicone lens were both white. The visuals
seen under the microscope and on the screen were too white. Figures 6.8a and 6.8b show
the surgeon using the incision that he already made earlier by using the cystotome to raise the
membrane flap for the video. During the entire trial, no dye was used to stain the membrane
primarily because, according to the surgeon, it is generally expensive to be used during such
trials and not used typically in many developing countries.

The surgeon suggested to either stain the eggshell membrane or the lens with either a red
or a dark blue pigment while preparing them to develop the contrast in the final model.

3) Glare — The surgeon mentions that it was difficult for him to see the incision marks on
the membrane as there were a lot of glares in the anterior chamber of the eye as shown in
Figure 6.9a. It should be noted that the contact lens was not placed over the eyeball by the
surgeon when he mentioned this. The light from the microscope would enter the top of the
eyeball and would scatter everywhere inside the anterior chamber. This does not happen in
a real eye because of the curved shape of the cornea which bends all the light rays towards
the lens through the pupil. The surgeon then keeps a single layer of the contact lens over the
corneal piece and finds out that the glare disappears instantly as shown in Figure 6.9b.

It should be noted that this effect was more pronounced due to the nature of OVD being
used instead of water or saline solution. The lens flipped during this stage of the trial, but the
surgeon did not consider it a problem as it did not hinder his trial without any glare.

4: Membrane too thick and rigid — The surgeon felt that the eggshell membrane used
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(a) (b)

Figure 6.8: (a) and (b) Lack of contrast between the membrane and the underlying lens.

ot

. N 3
(a) (b)

Figure 6.9: (a) View on screen without the lens on the corneal piece, and (b) view on screen with the
lens on the corneal piece

in the prototype during the trial was too thick to be held firmly with the micro forceps. This not
only impacted the grip he had on the membrane while performing the CCC but it also led to
the membrane being too rigid. According to the surgeon, the rigidity of the membrane makes
the tear go radially outwards rather than traveling along the path of the forceps circularly. He
also stated that more force than usual is required to tear it, which makes it difficult to control
the motion of the tool. Figure 6.10a shows the radial tear in the membrane during the trial.
The solution to this problem was to make the membrane thinner. The surgeon quickly pointed
out that the eggshell membrane had at least two layers in it and had delaminated during the
trials. This was further verified by the author by further studying the anatomy of hen eggshells-
they typically have two layers which are almost indistinguishable for the bare eye [83]. The
superficial layer is thin and clear (approx. 22um) while the bottom layer is slightly thicker
and cloudy (approx. 48um). When asked to try to tear the thinner superficial layer of the
delaminated membrane, the surgeon said that he felt it was now very similar to an actual hu-
man capsular membrane. Figure 6.10b shows the two delaminated layers of the membrane
plucked out during the trial.
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(b)

Figure 6.10: (a) Radial tear, and (b) delaminated layers of the eggshell membrane.

The surgeon was also advised to use the hot-cold thermal shock process while preparing
the membranes to get the thinner layer more easily. This method was later tried and found
to be a success. The materials chapter mentions this part which came as an outcome of this
trial.

6.4.3. Implications

The approval from the practicing surgeon on the prototype meant that it was suitable for trying
out the capsulorhexis step by considering it as an alternative to the human eye. However, the
trial does not point to whether the prototype is suitable or not for training the students. This
had been made clear by the surgeon before the trials commenced since the training with such
models is often accompanied by the curriculum and the experience of the trainer.

The trial played a great role in getting feedback directly from the surgeon in real-time while
being present at the site. The critical flaws became apparent only when it was examined by
such professionals and their suggestions were very exact from a practical perspective. The
video of the trial is very crucial information for this project and served as the intermission for
further development before the last trials since this final testing planned is taking place in
India by Dr. Thomas and recording the functioning of the prototype would be difficult if not
cumbersome.

6.5. Validation by the training surgeon

Dr. Thomas (henceforth called trainer in this and the following subsections) carried out sev-
eral minor tests over several weeks by himself along with his own students and professional
colleagues. The validation process involved introspection of the pure design of the model,
consistency of the model properties to the specific requirements, suitability of the model in the
current curriculum, comparison of the prototype with other prototypes (if any), mock training
exercises under his supervision, drawbacks, and rooms for improvement in the prototype. The
trainer’s response was very positive towards the design of the prototype with some room for
improvement. The results of these were discussed online comprehensively.
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6.5.1. Structural flaws and improvement in the design of the training model
The trainer pointed out four structural flaws in the design he felt he needed to address. The
first major flaw was the eyeball falling off the lower eyeball plate during training. This was also
seen during the surgical trials before (see Figure 6.7). Although the problem was assumed to
have been solved by gluing the pieces together, the trainer was a bit opposed to this idea. The
trainer felt that it would be better for the prototype to be divided into a common flexible base
and variable half-eyeball halves that can be swapped when needed and treated as separate
entities, especially from the perspective of future progress. The glue, when used improperly,
could also affect the movement of the eyeball as a whole. The design was then modified a
changing the duel pin design on the lower plate, which could now ‘fit and twist’ securely into
the grooves at the mating surface of the eyeball piece as shown in Figures

(b)
Figure 6.11: Modified eyeball and lower plate.

The second major flaw involved the compliant strips falling out of the ridges in the lower
plate. The prototype was designed to have a functional range of 20 degrees from the vertical
in all directions, with all the mechanical analysis done within this limit. As discussed earlier
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in previous chapters, this limit was chosen as it was well within the maximum range of the
movement when done by the expert surgeon. During surgical trials, the surgeon also felt and
agreed the range was well within his expertise. However, the trainer pointed out that some-
times the trainees do tend to make major mistakes during their practices in the initial stages by
pushing the eyeball well over 40 degrees or even more. As a result, the eyeball would flex so
much that the other free strips would jump out of the ridges of the lower eyeball plate and get
stuck. This might involve the overly strained strip to break. Although some modifications were
proposed to alleviate either the short-range or the jumping "out and sideways” issues of the
strip as shown in Figures [[figure]], addressing both at the time was not possible without totally
overhauling the design. Therefore, this is one of the fundamental limitations of the proposed
prototype.

(b)

Figure 6.12: (a)Additional attachement to the lower eyeball plate, (b) range of movement (figure does
not show flexing of the strips)

There was a minor flaw that involved the grip over the stretched eggshell membrane by
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the corneal piece in the anterior chamber of the model. The trainer felt that the membrane
would slip sometimes when the capsule-tearing part of the capsulorhexis step was carried out.
This was overseen during the surgical trials as the surgeon tore off the membranes when they
were thicker and the author did not have the necessary instruments or proper training in capsu-
lorhexis to know whether such slips could be reproduced. While the membrane delaminating
step was introduced in the material preparation guidelines, the tolerances of the corneal piece
and the eyeball were adjusted. This validation trial made it clear that this was not enough.
Many ideas were discussed and the parts were designed. Small teeth-like projections (about
0.1mm in depth) beneath the corneal piece were made to improve the grip as seen in Figure
[[figure]]. Applying a minute amount of cyanoacrylate glue on the toothed edge of corneal
tissue and pressing it on the stretched eggshell membrane to partially cure before loading this
on the eyeball is also expected to work. There was an option of adding a rubber-like cushion
like a sealing ring between the membrane-corneal piece junction to pinch down but because
the slip arises from inherent tolerance of the manufacturing process (few tens of micrometers)
and packing material at this scale is not very practical, it was not not considered in this study.
Other minor changes were made to make the mating parts in the model a bit sturdier.

Figure 6.13: Modified corneal piece with teeth

The proposed modified prototype after the feedback from the surgeon is shown in Figure
[[figure]]. A few cross-sectional views are in the appendix (Figures [[figure]] and [[figure]])

6.5.2. Positive remarks

Apart from the flaws, the trainer was impressed with the rest of the features. The cornea design
was very suitable for the training. Although the surgeon in the surgical trial was indifferent
towards this approach, the trainer appreciated the window-shaped design. He reasoned that
each of those windows could serve different purposes or training opportunities- some covered
in silicone membrane while others be left clear. The silicone membrane chosen was also
very similar to the corneal tissue when penetrated with different surgical tools at his disposal.
The clarity of the chamber under the microscope was also very good with minimal glare for
both Methylcellulose as well as saline water. Although paracentesis was not possible as the
IOP could not be increased or decreased since the lens was not attached, he acknowledged
that the current model was not designed for such tests as it focused only on globe movement
and capsule tearing. The chamber dimensions were akin to the human eye and the tools like
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Figure 6.14: Modified prototype design

canula and forceps could be moved very appropriately.

For the limited range the model was designed for, the trainer acknowledged that the force and
tension he and his students felt while moving the eyeball were similar to that of the human
eye system for compliant strips of thicknesses between 0.5-0.85 mm, which was similar to
the findings from the mechanical analysis. After each trial, the damage to the strips was
minimal and within acceptable limits. The modular approach of the prototype was simple
and easy to install without much hassle. This was especially important because there were
several customization options available based on the training needs as well as storage and
disassembly (as mentioned in the ’effects of creep’ subsection in previous parts of this chapter).
A few parts were expected to break by accident, especially the compliant strips either by rough
handling by the students, manufacturing issues, or uneven/excessive loading - the trainer felt
the overall design allowed easy replacement.

6.5.3. Proposed training methodology

Talks were had with the trainer about the possibilities of including the prototype and the training
methods on it in the curriculum, at least in a closed and controlled manner. His response was
very positive- there have been almost no models for globe stability training while the students
can perform cataract surgery steps that are human eye-like when compared to the proposed
prototype model. For this reason, as a professor and an examiner himself, Dr. Thomas sug-
gested that the current training model could be incorporated after the 6 months of the first year
of the 3-year course of ophthalmology course. This period is generally when the student has
grasped the basics of surgery and undergone several animal eye training in the wet lab ex-
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periments. The proposed model of training will fall into the dry lab training which immediately
precedes the first human trials, therefore bridging the gap between the static animal eyes and
dynamic human eyes. Mistakes are evident at this stage of transit and the proposed model
acts well for its part to be a buffer, helping them hone their skills.

6.5.4. Recommended design changes for future improvements

The trainer supports the claim that there is a lot of potential in the current model for future work.
A completely sealed cornea with a clear silicone membrane covering even the empty top of
the corneal piece with no aberrations from molds would be the ideal design for many training
procedures, including capsulorhexis and paracentesis. Some changes to the silicone/hydrogel
lens material may make the model suitable for the rest of cataract surgery procedure training.
A synthetic version of the eggshell membrane that has the same properties and a simpler
preparation method would be useful as it makes the setup process simpler. Covering the half
eyeball with proper surface tissue-like material can be good for suture training. 3D printing
materials that have similar properties yet are cheaper can make the prototype even more
accessible. A lot of isolated eyeball models could be made that could sit on the same globe
movement system designed for this project.

6.6. Limitations of the project and experiments
There are a few limitations of this project and the nature of experiments, as listed:

» The design’s range of motion was limited between -20° and +20° in all directions, which
was lower than the total range the trainer desired.

» Exact theoretical calculations and finite element modelling were not performed to get the
ideal thickness of the compliant strips for printing.

» Capsular membrane studies and exploration were limited by the availability of suitable
testing machines. The choice of material was based solely on the research articles and
their findings.

* Mechanical trials could have been completely automated instead of relying on the man-
ual movement of precision guides.

» The capsulorhexis part of the validation trial was not a complete success. However, the
trainer viewed this to be due to the membrane and less about the design.

» Re-validation trials of the modified prototype design were not carried out due to the nature
of this project. However, the final design changes were communicated to the trainer.

6.7. Accomplishment of the set requirements
In this final section, the author addresses how the all requirements set at the beginning of the
project are met to varying extents.

The proposed prototype has been successfully able to suit the requirements of the globe sta-
bility training- with all the movements and resistances replicated as close to a real eye. The
eyeball design has achieved a very high level of anatomical similarity, except for the function-
ing of the capsular membrane.

The model is suitable for repeated usage with several features that allow for the repair and
replacement of single or multiple-use materials. They can be easily built with the availability
of a 3D printer and cost as low as 20-30 Euros per model. The model is customizable and the
redesigned final model can be split to use the entire half eyeball as a static setup if needed.



/

Conclusion

This thesis project focused on designing and creating a training model of the anterior human
eye for ophthalmology students to hone their skills in cataract surgery. The resulting final
prototype sheds light on the often-overlooked field of eye phantoms, especially for training
purposes. Through thorough iterations of several quantitative and qualitative assessments by
various certified professionals, this very first model of its kind has achieved its distinction in
achieving most, if not all the goals of this project. While the principal necessities of the proto-
type such as anatomical similarity and training capabilities had been achieved, the secondary
obligations such as cost-effectiveness, fabricability in low-resource settings, and customizabil-
ity have also been accomplished. While this project narrowed down to very specific steps of
cataract surgery, there are a lot of doors waiting to be opened in this field using the final model
presented in this project. Many design ideas are yet to be explored to improve the outcomes
of the current model. Designing better corneal surfaces, creating synthetic substitutes for the
membranes used in this project, and exploring alternative designs to attain better flexibility
would be a few suggestions the author would like to put forward as possible directions for fu-
ture works. The author hopes that future developments in eye-training phantom models would
be competitive if not better than its alternatives.
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Appendix: Parts creation and
assembly steps

A.1l. Molding the silicone membrane membrane on corneal piece
1. Make sure the tweezers, mold, clean corneal piece, mold cap, release spray, cup, stirrer,
and silicone resin (PlatSil -00 A and B) are all available. (Figure A.1)

Figure A1

2. Spray the release agent of the mold and the mold cap.(Figure A.2)

Figure A.2
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3. Mix the resin mixture 1:1 scale in a cap using a stirrer and place it in a vacuum chamber
to degas it.(Figure A.3)

Figure A.3

4. After degassing for a minute, carefully pour a small amount of the silicone resin mixture
into the mold.(Figure A.4)

Figure A.4

5. Press the corneal piece into the filled mold till it overflows.(Figure A.5)
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Figure A.5

6. Add some more resin on top of the setup to form a layer and then place the cap on it and
press.(Figures A.6 and A.7)

Figure A.6
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Figure A.7

7. Add some coloring pigment into the remaining silicone and pour it into the lens tray to
create a batch of cataractous colored lens

8. Let the silicone harden over 5-6 hours and gently remove all the pieces from the mold.
Make sure to remove extra materials to fit into the parts perfectly.

A.2. Prototype setup guide
Full set overview: The following pictures are of the package sent to Dr. Thomas. The pack-

age has multiple copies of each part necessary to assemble at least 2 whole prototypes along-
side the spare parts (except eggshell membranes and liquids).

Figure A.8: Full Kit
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(b)
Figure A.9: Full kit

Setup steps: The following steps are to be followed to build the prototype. Some steps
may also have a tip written next to it which can be implemented by the user in case it is
necessary.

1. The lower eyepiece is cleaned and placed on the base through its central pillar with the
pins facing upwards. The steel ball is attached to the tip of the base pillar using a single
drop of superglue. Care must be taken to not spread the glue over the other surfaces of
the ball. (Figure A.10)

Figure A.10

2. The spherical hollow surface of the eyeball and ball are cleaned. The two alternate holes
of the eyeball are either stuffed with a very thin piece of paper (as shown in the image
below) or glued for temporary or permanent fixtures respectively. If glue is used, care
must be taken as to not add excessive glue as it might spread out of the pinhole and
stick to the ball. The paper filling must not extend over the hollow surface of the eyeball
as that might hinder the free movement of the eyeball over the steel ball. (Figure A.11)
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Figure A.11

3. Attach the eyeball firmly to the setup and check if the eyeball can move about freely.
Check if the attachments are firm. There might be some gap between the eyeball and
the lower eyeball piece, which can be ignored if the pieces are held firmly.(Figure A.12)

/

Figure A.12

Tip: if the temporary fixture is loose, 4 tiny bits of strong adhesive tape can be fixed
over the lower surface of the lower eyepiece avoiding the grooves in which the tension
elements sit and the eyeball.

4. The cataractous lens made of either silicone (as shown in the figure below) or sliced

hydrogel is placed in the top central groove of the eyeball piece. Make sure that the size
of the lens is such that it fits well in the grove and is not too thick. (Figure A.13)
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(a) (b)
Figure A.13

5. The thin eggshell membrane is placed over the setup and is held firmly while stretching
it over the top part of the eyeball in such a way that there are not wrinkles over the lens.
(The image below shows a plastic wrapper instead of the eggshell membrane due to
reasons regarding the filming premise and cleanliness). (Figure A.14)

(b)

Figure A.14

6. The corneal piece is placed over the stretched membrane using the other hand and
pressed down in the circular groove of the eyeball gently with a thumb from the top or
forceps on the pins of the piece. Care must be taken as to not push too hard with the
thumb on the dome ring or forceps on the pins as they might break. When the pins are
in the notch and the corneal piece leveled, the pins are pushed anticlockwise using a

sharp tool, again carefully without breaking the pins. This should lock the corneal piece
in place. (Figure A.15)
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(b)
Figure A.15

7. A set of 4 tension elements of suitable stiffness is picked from the selection. A thin piece
of paper is wrapped in a ‘U’ shape on the lower part of each tension element. The tension
elements are then attached using fingers to the slots in the base one at a time in such a
way that each cantilever strip can slide into the rectangular groove of the lower eyeball
piece when the eyeball bends. Do not use glue as prolonged tension in the strips might
cause them to bend and deform. Hold the eyeball firmly and trim down the excessive
eggshell membrane protruding outwards using a sharp scalpel if needed (scratches on
the eyeball do not damage the prototype’s functioning). (Figure A.16)

F‘.".-

(c)
Figure A.16



A.2. Prototype setup guide 73

To remove the tension elements, use a sharp tool or forceps to push the element from

the bottom of the base slot until the piece is free to fall off. Do not pull out with the fingers
as they will break (Figure A.17)

Figure A.17

8. Slide the setup into the semicircular slot of the white baseplate and make sure everything
is firmly held. (Figure A.18)

Figure A.18

9. Add water to the anterior chamber using a syringe until there is a convex surface of
water. Check for any type of leaks around the circumference of the corneal piece and
the notches. Check for any wrinkles over the cataractous lens. (Figure A.19)
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Figure A.19

Tip: If there are any leaks about the notches, add a drop of cyanoacrylate glue. This glue
will not harden for at least an hour if the surfaces are wet or humid. The glue can also
be applied on the circular underside of the corneal piece in step 6 if the tension of the
capsular membrane is not enough. After the usage, clean the residual glue completely
using a scalpel or a sharp tool.

10. The lens is placed over the corneal piece and the water surface carefully. The small
air bubble can be removed during training if needed. Add a drop of water (or the same
solution used in the anterior chamber) on the outer surface of the lens soon after the
placement and every 1-1.5 minutes. If the lens flips, adding this water and maintaining
the water level in the anterior chamber should get it back to its normal position. (Figure
A.20)

(b)
Figure A.20



Appendix: Major dimensions of
prototype and graphs

B.1. Dimensions
Cross-sectional view:

Figure B.1
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Major dimensions:

* Eyeball diameter: 24 mm

Figure B.2

» Workable cornea diameter: 11 mm (internal diameter ignoring the wall thickness)

Figure B.3
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» View window (pupil dilated) diameter: 8 mm

Dameter | Bmm

Center: | QuS3mim, 6.97Tmm, -0 32mm

Figure B.4

» Anterior chamber depth: 2.06 mm+ 0.62 mm = 2.64 mm (ignoring the lens dome and
membrane thickness). [lens can be made thinner to increase ACD].

(b)
Figure B.5
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+ Vertical distance between the lens capsule surface and point of entry: 0.64mm.

Figure B.6

¢ Actual lens thickness: 1.8 mm, diameter: 8 mm, Workable lens thickness: 0.75 mm,
diameter: 8 mm

Figure B.7
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* Number of ports: 6; Angular orientation between two ports: 60 degrees [of which two
opposing ports are along major direction (either up/down or left/right)]

Figure B.8

» Wall thickness at incision (ignoring silicone overlay): 1mm

Figure B.9
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» Workable Incision port size: 4 mm x 1.42 mm

(b)
Figure B.10
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» Cornea piece with different model eyeballs (with and without notches).

(b)
Figure B.11
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B.2. Additional graph

Cyclical loading of 0.5mm thickness strip: The following graph shows the hysteresis of the
strip as it underwent 20 loading cycles during the mechanical trials. The data captured is for
the 10 cycles and it is visible that the hysteresis is visible as the loop.

O%%ce displacement of 0.50 mm compliant strip during 10 cyclic loading
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Figure B.12: Hysteresis loop of 0.50 mm compliant strip under 10 cyclic loadings.
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