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Abstract

Enucleation and lateral canthotomy are two ophthalmic surgeries with little or no training

models. Residents learn these procedures in the operating room by watching faculty and then

advancing to take over more steps. The goal of this project is to build training models that will

give the residents realistic training on the most important steps of both procedures while also

being reusable, high-fidelity, and inexpensive. The models will provide training to residents and

doctors in low-resource countries as well as the US to reduce post-operative complications and

improve surgical quality.

Executive Summary

Currently, there are no training models for two important ophthalmic surgical procedures,

enucleation (removal of the eye) and lateral canthotomy (used to treat orbital compartment

syndrome). Residents learn these surgeries in the operating room by watching a faculty

member perform the procedure and then by taking over more and more steps. One way to

eliminate this risky form of training and to help those in low-resource countries is to create

training models that will focus on the most important, and often most difficult, parts of both

surgeries. The identified requirements of high priority for the lateral canthotomy model were

consistent user experience, simulating cutting the skin and tendons, simulating the intraocular

pressure, being reusable, and the ability to be easily reset. Many requirements for the

enucleation model were the same as the lateral canthotomy model, with some small differences.

The requirements for enucleation with high priorities were easily resettable, low cost cost per

use, and simulating the cutting of the optic nerve and eye muscles. After the requirements and

specifications were solidified, brainstorming, the making of a morphological chart, and

stakeholder input was used to generate potential solutions. After the concepts were generated,

a gut check, more stakeholder input, and pugh charts were used to determine an alpha concept

for both the enucleation and lateral canthotomy models. After the alpha concepts were

developed, the team and Dr. Nelson tested the prototypes and found improvements, the team
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iterated the designs, and made other models to retest. At the end of the semester, the

simulators created achieved nearly all requirements and only need a few small future

improvements to be finalized. After they are validated by Dr. Nelson and other residents and

doctors, they will be used in classrooms as soon as July 2022.

Table of Contents

Abstract…………………………………………………………………………………………………….1

Executive Summary………………………………………………………………………………………1

Background………………………………………………………………………………………………..4

Surgical Simulators………………………………………………………………………………4

Lateral Canthotomy………………………………………………………………………………4

Enucleation……………………………………………………………………………………….5

Benchmarking……………………………………………………………………………………………..7

Low Resource Surgical Simulators…………………………………………………………….7

Lateral Canthotomy and Enucleation Simulators……………………………………………..7

Design Process………………………………………………………………………………………….11

Design Context……………………………………………………………………………………….….12

Stakeholders……………………………………………………………………………………………..13

Requirements and Specifications……………………………………………………………………..15

Lateral Canthotomy…………………………………………………………………………….15

Enucleation……………………………………………………………………………………...19

Concept Generation…………………………………………………………………………………….21

Concept Selection Process…………………………………………………………………………….24

Selected Concepts………………………………………………………………………………………29

Engineering Analysis……………………………………………………………………………………31

Worries…………………………………………………………………………………………..31

Design for ‘X’……………………………………………………………………………………36

2



Design for Manufacturing……………………………………………………………..36

Design for Assembly…………………………………………………………………..36

Design for Cost…………………………………………………………………………37

Risk and Safety…………………………………………………………………………………39

Build Design……………………………………………………………………………………………...40

Lateral Canthotomy Build Design……………………………………………………………..40

Enucleation Build Design………………………………………………………………………42

Verification………………………………………………………………………………………………..44

Validation…………………………………………………………………………………………………47

Discussion………………………………………………………………………………………………..47

Problem Definition………………………………………………………………………………47

Design Critique………………………………………………………………………………….48

Reflection…………………………………………………………………………………………………49

Recommendations………………………………………………………………………………………50

Conclusions………………………………………………………………………………………………51

Acknowledgments……………………………………………………………………………………….51

Sources…………………………………………………………………………………………………..52

Appendices………………………………………………………………………………………………57

Appendix A: Complete Morphological Matrices for Each Design…………………………57

Appendix B: Complete Pugh Charts for Both Designs……………….…………………….60

Appendix C: Dimensioned Engineering Drawings………………………………………….62

Appendix D: Assembly Plan…………………………………………………………………..65

Appendix E: Bill of Materials…………………………………………………………………..67

Biographies………………………………………………………………………………………………69

3



Background

Surgical Simulators

Currently, ophthalmic residents learn complex surgeries in the operating room by

watching faculty perform the procedures and then advancing to doing more steps of the

procedure. Surgical simulators represent an important step in the advancement of residency

training as they allow for procedures to be learned without the need for a patient that could

potentially be put at risk by an inexperienced surgeon. Previous studies have found a positive

correlation between simulation-based assessments and patient-related outcomes [4].

Lateral Canthotomy

Lateral canthotomy, the first surgery we plan on simulating, is the surgical exposure and

incision of the lateral canthal tendon, used to treat orbital compartment syndrome (OCS). OCS

is an ophthalmic emergency characterized by an acute rise in intraocular pressure [5]. This rise

in pressure damages ocular and other intraorbital structures, which may lead to irreversible

blindness if not promptly treated. Studies suggest that 60–100 minutes of raised orbital pressure

may cause permanent visual sequelae [11]. Common causes of OCS include acute orbital

hemorrhage due to trauma, surgery, local injections, and pre-existing medical conditions.

Because of the extreme effects of untreated OCS, lateral canthotomy procedures may have to

be performed by emergency physicians, as well as ophthalmologists [14].

Lateral canthotomy is a relatively simple procedure, with only a couple steps. The first

step is to prepare the skin on the lateral side of the eye with an antiseptic agent and then inject

a local anesthetic into the incision site. From there, the operating physician will use a needle

driver or hemostat to crush the tissue from the lateral canthus to the rim of the orbit, for about 20

seconds to 2 minutes. Crushing this tissue helps minimize bleeding and makes it easier to see

where to cut when there is extensive traumatic edema. Next, they will use iris scissors to cut the

skin from the lateral canthus to the rim of the orbit, about 10 to 20 mm. This step, known as the
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canthotomy, exposes the lateral canthal tendon. From there, the surgeon will cut the inferior and

sometimes both crus of the lateral canthal ligament, which can be seen in Figure 1. This will

release the intraocular pressure.  Complications from this procedure may include mechanical

damage of the eye, hemorrhage, and/or infection. The urgency of the procedure, combined with

traumatic distortion of the anatomy and possible unfamiliarity with the procedure by

non-ophthalmologists, may increase the risk of complications [5].

Figure 1: This is a diagram showing the soft tissue around the eye. The superior
and inferior crus of the lateral canthal tendon, which are cut during a lateral canthotomy,
can be seen to the left of the eye [21].

Enucleation

The second surgery we plan to simulate, enucleation, is the surgical removal of the

eyeball from the eye socket. Unlike lateral canthotomy procedures, enucleations are planned

procedures, and only performed by ophthalmologists.  The indications for enucleation include a

blind, painful eye; a painless, but disfigured, blind eye that causes psychological distress;

sympathetic ophthalmia; and both diagnostic and therapeutic evaluation of intraocular tumors.

The goals of enucleation involve elimination of pain, excellent cosmesis and restoration of

orbital volume [17]. Enucleation is initiated by performing a 360-degree peritomy. This exposes

the extraocular, or rectus, muscles, which are to be cut. Each rectus muscle is, in turn, isolated
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with a muscle hook, followed by placement of a second hook from the opposite direction.

Sutures are attached to each muscle to secure it. Each muscle is then transected anterior to

the suture. After the muscles are cut, the optic nerve needs to be cut to fully remove the

eyeball from the eye socket. Locating and cutting the optic nerve is generally viewed as the

most difficult step in this procedure [18]. While placing gentle upward traction on the globe with

forceps grasping the medial and lateral rectus muscle stumps, the optic nerve is “strummed”

behind the globe with a large curved hemostat to determine its location. Then, while the

hemostat is pushed posteriorly, the optic nerve is clamped for one to two minutes. The optic

nerve is then transected with the enucleation scissors and the eyeball is pulled out of its socket.

A diagram of this procedure can be seen in Figure 2. Possible complications from enucleation

include loss of extraocular muscle function with decreased motility of the prosthesis, orbital

infection, implant extrusion, enophthalmos, pyogenic granuloma, ptosis and visual hallucinations

[17].

Figure 2: This is a diagram of the enucleation procedure. Part A shows the initial
peritomy, Part B shows the cutting of the optic muscles, Part C shows the cutting of the
optic nerve, and Part D shows the insertion of a prosthetic eye [8].
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Benchmarking

Low Resource Surgical Simulators

The need to perform complex surgeries is not limited to just high-income countries.

Thus, surgical training is needed all over the world, including low-income countries. These

countries face challenges others don’t, where high-fidelity surgical trainers are often too

expensive to be purchased in these settings. As surgical simulators continue to prove to be

helpful at teaching residents and surgeons the skills required for surgeries without the need of a

patient, low-cost alternatives should be a priority for low-resource hospitals. It has been shown

that low-cost surgical simulation training significantly improved initial live surgeries performed by

novice trainees in low-resource settings [9].

Lateral Canthotomy and Enucleation Simulators

When looking for previous attempts to create simulators for lateral canthotomy and

enucleation procedures, we were able to find multiple low-cost, low-fidelity simulators for lateral

canthotomy, and one medium-cost, high-fidelity model for enucleation.

For lateral canthotomy simulation, there are high-fidelity cadaveric and commercially available

models. However, these are very expensive and can only be used once due to the destructive

nature of the procedure. For example, the SynDaver™ Labs Lateral Canthotomy Trainer, which

costs $750, is a high-fidelity trainer with many tactile, visual and structural details, but provides

only two opportunities to perform lateral canthotomy per trainer, and cannot be “reset” for

additional uses [12]. This model can be seen in Figure 3.
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Figure 3: Shown is an image of the SynDaver™ Labs Lateral Canthotomy
Trainer, a high-fidelity, single-use model that costs $750 [23].

On the other side of the spectrum, there are low-cost, semi-reusable, low-fidelity models

such as the ping pong ball [12] and hard-boiled egg [15] models. As seen in Table 1, these

models significantly decrease assembly time and cost per model compared to cadaveric and

current high-fidelity models. However, these models sacrifice realism for cost, and have other

problems, such as needing to be held in place while being used. Overall, these trainers are

good for beginners, but are “not appropriate for use in high-fidelity simulation, where tactile,

visual and functional verisimilitude is an essential part of the learning experience” [12]. Images

of these models can be seen in Figures 4 and 5.

Figure 4: This image shows the ping pong ball model in use. In addition to a ping
pong ball, the model also consists of a rubber band, a 10 ml Ziploc recyclable container,
pressure foam tape, scotch tape, transpore tape 3 M™, and silk tape [12].
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Figure 5: This image shows the construction of the Egg lateral canthotomy
model. In addition to a hard-boiled egg and rubber band, this model consists of
cardboard, staples, and Elastoplast [15].

Table 1: Comparison of Lateral Canthotomy Models by Assembly Time and Cost [15]

A previous University of Michigan Multidisciplinary Design Team has also created a

low-cost, medium-fidelity lateral canthotomy simulator, furthermore referred to as the MDP

Model and seen in Figures 6 and 7. We were not able to find any documentation on this model

outside of verbal recollection of it from our project sponsor, as well as pictures of it. This model

was able to simulate the cutting of the lateral canthal tendon, but not any of the steps before

that. Additionally, it had issues with durability and ease of assembly [18].
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Figures 6 and 7: These are images of a lateral canthotomy model developed by
a University of Michigan Multidisciplinary Design Team, showing the model with and
without itsF rubber “skin” cover. The green rubber bands represent the lateral canthal
tendon, which can be replaced after each use [18].

We believe that because enucleation is a much less common procedure than lateral

canthotomy, there have not been as many attempts to create a low-cost simulation model. The

only model we were able to find is a high-fidelity model called the Bioniko Exos Model for

Enucleation and Excision. The Exos costs $250 for a pack of four single-use models, plus an

additional $350 for the reusable holder. While high-fidelity simulators provide a great way for

physicians to practice surgical skills without patients, their high price point puts them out of

reach for low-resource settings.

As seen in Table 2, there is an apparent need for low-cost, medium- to high-fidelity,

reusable simulators that can be used for training physicians in low-resource settings.
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Table 2: Comparison of Current Lateral Canthotomy and Enucleation Simulators

Price Fidelity Reusable Set-Up Time

SynDaver™
Labs Trainer Medium High No N/A

Ping Pong
Ball Model Low Low Yes 7.5 min

Egg Model Low Low No 5 min

MDP Model Low Medium Yes <1 min

Cadaver High High No N/A

Bioniko Exos Medium High Partially 10 min

Design Process

In this project, to produce the highest quality product at the lowest cost and with the

shortest development time, a structured design process is followed. The flow chart of the

process is shown in Figure 8. It is derived from Cross’s model of the design process [6]. So far

the problem definition is done by interviewing Dr. Nelson and relative background research.

Constraint identification will be done when our requirements and specifications are fully

determined. In the rest of the semester, the process of solution brainstorming, solution selecting,

prototype generating, testing and communicating will be followed. The most useful process in

our project is the constraint identification. This is because accurate data of material properties

and biomedical structures are needed for making high-fidelity training models in this project.

Huge amount of research is necessary before we develop the solution. At the end, those

specifications are also the primary criteria for the verification. A loop between testing and

solution selecting is also useful for our solution development. So this design process model fits

our project. Our design process is quite similar to the standard design process introduced during

the lecture on the first day of class except that we add a loop back to the solution selection. This
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is because the material selection can be adjusted to increase the fidelity without a big change to

the whole project at the end stage.

Figure 8. Flow chart of the design process for this project.

Design Context

Our project improves public health on a global level. In the immediate future these

trainers will be deployed to train residents at the University of Michigan. Once COVID

restrictions are lifted, Dr. Nelson plans to take these trainers to Ethiopia. Underdeveloped

countries often have less access to medical technologies, which is a social challenge. In the

case of these surgeries, a lower quality of instruction and ability to practice may lead to more

mistakes and complications. By providing high-fidelity and low-cost trainers, we will be

contributing to a higher standard of care. For both models, the environmental impacts will be

minimal. For the canthotomy trainer, some surgical tape and one rubber band is consumed per

practice run. For the enucleation trainer, a few centimeters of polypropylene rope and four

rubber bands are consumed per practice run. For both trainers the rubber bands can be
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recycled, decreasing the environmental impact further. Both trainers will be made out of mostly

PLA, roughly 300 grams each, and will be reusable hundreds of times. By increasing the

reusability and durability of the models, the fixed costs are amortized to a greater degree which

decreases the monetary and environmental cost per use. Economically these trainers are

low-cost to fabricate and use, but we are not sure about their wide-scale appeal and

marketability, which affects their sustainability and long-term adoption.

Ethically there are very few conflicts with these trainers, since they are being effectively

donated at the end of the semester to the UM hospital and then to Ethiopian hospitals, and they

are being used to improve public health. Our most important requirement is to make sure that

they are high-fidelity and improve the capabilities of the people using them, and do not make

them worse either through inaccuracies or by providing false confidence.

Stakeholders

Table 3: Stakeholders with their impact and influence

Stakeholder Impact Influence

Dr. Nelson High High

Residents High Medium

Surgeons/Doctors Medium Medium

Patients High Low

When brainstorming potential stakeholders, four came to mind. They are listed in Table

3. The first is Dr. Nelson. She will be the individual with the most influence in the design process

as she will be the first one to use the model when she teaches her students and fellow doctors.

Afterwards, she will be the main decision-maker on who uses the model apart from her, and

who will be given our model. Along with being the main beneficiary, she is also our biggest

source of information. Her experience of performing both surgeries and her knowledge of the

procedures and the mistakes made during them will allow us to make the best model to learn
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from. Our plan to engage Dr. Nelson is through continued weekly meetings and in-person

testing of the prototypes when they are made.

Our second stakeholder is ophthalmic residents. These students will be taught key steps

of the procedures on our models and will gain experience and confidence through them. They

can provide us a great deal of feedback and insight because of their inexperience. Dr. Nelson

has done these surgeries for several years and is one of the best there is. However, there may

be things that she overlooks or are second nature to her that are critical to include in our model.

Residents can provide us this insight on what may be small but is needed to perform these

surgeries correctly. We plan to engage the residents in meetings, surveys, and in-person testing

of prototypes.

Our third stakeholder is doctors or surgeons who will have performed either the

canthotomy or enucleation on a regular basis. They, like the residents, will be training on this

device here in America and potentially in Ethiopia. Even though the doctors will be affected by

the model in the same way as the residents, they share a great opportunity to get insight on our

model and the procedures. Many of these doctors have performed one of the two procedures

before and even if their confidence is not strong, their experience can help us make a better

model for them to learn from. The strategies of engagement are the same as the residents with

meetings, surveys, and in-person testing being at the forefront.

Our last stakeholder is the patients themselves. They have no significant influence in the

making of the model but will be most affected by the model’s ability to fulfill its purpose. If the

model teaches residents and doctors more about the procedures and teaches them key

mistakes to avoid, more people will have their vision saved in the case of lateral canthotomy, or

limited tissue and socket damage in enucleation. We have no current plans to engage patients

but are very interested to see how our model influences patients' surgery experiences in the

future.
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Requirements and Specifications

Our engineering targets are expressed as requirements and specifications. Below are

the requirements and specifications for a lateral canthotomy model and an enucleation model.

Many requirements and specifications are shared between the two but for sake of space and

clarity, the repeated ones will be only placed in the cantholomy portion. All the requirements

were chosen using sources, either interviews with Dr. Nelson or peer-reviewed articles from

scientific journals. Since training models for ophthalmic surgeries is such an unexplored area,

and since it is only for training purposes, there were no standards, local or federal, that limit the

opportunities for requirements to appear. The relative importance for each requirement is

expressed by a high, medium, or low priority. These were determined by our group discussion

first, and then verified by Dr. Nelson in interviews. Requirements with high and medium priority

of importance must be met in our design and those with a low priority would be nice to include,

but have not been deemed necessary for success. All requirements have been translated into

engineering specifications. They are reasonable based on the interview with Dr. Nelson and

DR1 presentation feedback from Prof. Sienko. However some of the specifications are not yet

fully quantified due to the lack of accurate data support. The missing data will be collected in

future research before DR2. Compared with existing training models listed in Table 2., our

models reach a better compromise of realism and cost.

Lateral Canthotomy

Below are the identified requirements and specifications for a lateral canthotomy model.

Each reqiurement’s source(s) are listed at the right. Along with a priority rating, each

requirement has a stability rating. A requirement will be green if it is solidified and will not

change, yellow if it is firm but can still change, and red if the requirement holds little weight and

could be removed later on in the design process.
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Table 4: Requirements and Specifications for a Lateral Canthotomy Model

Priority Requirements Specifications Reference

High
Able to simulate

cutting skin and lateral
canthal tendons

Difference of material
properties between model and
actual biological structures is
within 10%
Skin’s Young’s Modulus:
0.33MPa ± 0.04
Skin’s Shear Modulus:
2-8 kPa
Tendons:
Length: 10.6 ± 0.9 mm
Height: 6.6 ± 0.5 mm

[10]
[27]
[28]

High Able to simulate
intraocular pressure

Pressure:
60 mmHg

[1]
[19]

High Easy to reset Takes < 90 seconds to reset [19]

High Reusable

Aside from consumables that
are cut, nothing else needs to
be replaced during normal use
Lifetime > 500 uses

[18]

High Consistent in user
experience

Difference of material
properties between each
specimen is within 10%

[19]

Medium Able to reflect
success

Able to give physical feedback
to tell if release the intraocular
pressure in training

[22]

Medium Inexpensive Consumable cost: ≤ $0.25 per
use [18]

Medium Portable Volume: ≤2000 cm3

Weight: ≤200g
[2]

[18]

Medium Keep base from
moving

Withstand 10 N force from the
side without moving [29]
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Low Durable

Able to  withstand a drop from
1.5 meters
Able to  be sterilized with
alcohol/oxivir wipes

[19]

Low Helpful in learning
surgical techniques

Student survey/Dr. Nelson’s
feedback on teaching:
≥80% satisfaction.

[18]

The first requirement is being able to simulate cutting skin and lateral canthal tendons,

which is our foremost priority as it is the whole purpose of the model. Although it is the most

important requirement, we want to provide some wiggle room for accuracy to keep costs low.

Therefore, a 10% buffer was implemented. We had the Young’s Modulus for skin since the first

design review, and have since found the shear modulus of skin. Using this data we have a

starting point for considering which synthetic materials to use to simulate the skin. We also

found the length of height of the lateral canthal tendons.

The second requirement is being able to simulate intraocular pressure. It has high

importance because feeling of a pressure similar to that in OCS provides further realism and

higher fidelity to the model. The specification is that the simulator should present an internal

pressure within 10% difference to the real pressure. According to literature, the diagnosis of

OCS is an intraocular pressure of 30-45 mmHg. However, Dr. Nelson has stated that many

cases of OCS tend to have an intraocular pressure closer to 60 mmHg. To meet the

stakeholder’s requirement, 60 mmHg is taken into account.

The third requirement is being easy to reset. This has a high importance because Dr.

Nelson aims to use this model to train residents in low-income countries. There are large

numbers of people lining up for training. A short resetting time for next use can strengthen the

training efficiency. The specification is that it should take less than 90 seconds to assemble the

consumable part and set it ready for the next trainer. The time is expected by Dr. Nelson.
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The fourth requirement is being reusable. It has a high importance because this training

model is mainly for low-income countries, Dr. Nelson hopes the majority of the simulator can be

used for a long time to save cost. The specification is that the model should survive a lifetime

over 500 uses and need no part to be replaced except the consumables that are cut. This is

determined by the interview.

The fifth requirement is being consistent in user experience. This has a high importance

because a qualified training model should provide the trainers the same feeling on every trial.

The specification is that the difference of material properties between each specimen should be

within 10%. This means that the selection of consumable parts should be fully considered. It can

only be or easily manufactured by locally available materials. And it should not transform during

the assembly that might cause inconsistent feeling. This is determined by an interview with Dr.

Nelson.

The sixth requirement is being able to reflect success. The specification is that the model

should be able to give feedback to the user after intraocular pressure has been released. It has

a medium importance because this helps the trainer better judge if they command the operation.

This is suggested by Professor Sienko in DR1 feedback.

The seventh requirement is being inexpensive. It has a medium importance because

training efficiency is higher only if it is affordable to residents in low-income countries. According

to Dr. Nelson, the specification is that the price for the consumable parts should be less than

$0.25 per use.

The eighth requirement is being portable. It has a medium importance. As most of the

training takes place in other countries, the models should be made as small and light as

possible so that it is easier for Dr. Nelson to carry during the trip. The specification is that the

volume should be less than 2000 cm3 . That is the volume for a rectangular prism surrounding

the average adult male face [2]. The height is from the nose to forehead, containing both eyes in

width and the length is the depth of the orbit.
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The ninth requirement is that the base is able to withstand a 10 N push force without

being moved. The specification is based on the tool-tissue forces likely to be exerted during the

surgery. The purpose of this requirement is twofold; resistance to motion makes it less likely the

residents will move the trainer while practicing which increases the fidelity of the model, and it

decreases the risk that the model will be knocked over, a safety concern that could also damage

the model.

The tenth requirement is being durable. It has a low importance because this only

prevents the damage when shipping or using. According to Dr. Nelson, the specification is that it

should be able to withstand a drop from 1.5 m and it can also be sterilized.

The last requirement is being helpful in training. This has a low importance because it is

a user feedback. Our team hopes our design reaches a satisfaction of over 80%. However the

grading rubric and its meaning needs to be determined in future.

Enucleation

Below are the requirements and specifications for an enucleation model. Many of them

are the same as the lateral canthotomy table above such as reusability, consistency in user

experience,ability to reflect success, portability, durability, and being helpful in learning surgical

techniques. How expensive the model is and easily resettable are also in the canthotomy table

but through an interview with Dr. Nelson, it was decided more time and money per use was

allowed.
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Table 5: Requirements and Specifications for an Enucleation Model

Priority Requirements Specifications Reference

High
Able to simulate the

optic nerve and
muscles

Optic Nerve Simulator:
Diameter: 3-5 mm
Length:20-25 mm
Shear stress needed to cut:
0.4-6 MPa
Location: connected to the
back of the eyeball with an
angle
Muscles:
Diameter: 3mm
difference ≤10%
Eyeball can be rotated and
lifted

[16]
[18]
[24]
[25]
[26]

Medium Inexpensive Consumable cost: ≤ $5 per
use [19]

Low Easy to reset Takes < 5min to reset [19]

During our first interview with Dr. Nelson, she stressed the purpose of the model was to

help residents feel more confident blindly cutting the optic nerve. Therefore, this has the highest

priority for the enucleation training model and has the most detailed and specific specifications.

Since the previous design review we found a wide range for the shear stress required to cut the

optic nerve based on dura matter [24][25]. Dr. Nelson also told us that cutting the optic nerve felt

similar to cutting a pencil, which led us to finding the material properties of cedar[26], the wood

used in pencils which fits comfortably in the middle of our existing range. It has been

challenging to find more specific values for the optic nerve since it consists of layers of different

tissues. We will continue to do research and physical tests to further refine this requirement until

we have a final material selected.
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Dr. Nelson also told us that after cutting the muscles around the eye she grasps a part

still connected to the eye to lift and rotate it in order to better access the optic nerve behind it. In

order to improve the fidelity of the model, we added a requirement to have a way to grasp and

lift the eye.

Next, the cost of each reset is extended from $0.25 to $5 since only ophthalmologic

residents will use them instead of the several types of residents that can use the canthotomy

model. The same reason applies to the reset time as Dr. Nelson will have less pressure to get

all the students enough practice during a class.

Concept Generation

With a fully defined problem, our next step was concept generation. This was the

process of identifying as many potential solutions as possible to our design problem. In order to

do this, we employed three different concept generation processes: brainstorming, functional

decomposition and morphological analysis, and stakeholder input. Through these processes,

we were able to ensure that we had identified all possible solutions to creating our two

ophthalmic simulators.

To start, each team member individually brainstormed on their own, with the only

stipulation being to generate as many concepts as possible. This led team members to explore

multiple avenues of concept generation, including bulleted lists, webs of ideas, and basic

drawings. We were intentionally vague with setting up rules for this phase, as that allowed

freedom to explore as many concepts as possible, ensuring no stones were left unturned.

Additionally, by completing this phase individually, team members were able to avoid the

pressures of conformity that come with being in a group, which was clear with the distinct styles

presented in different team members' ideas and drawings, some of which can be seen in figure

9.
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Figure 9: Pictures of different brainstorming notes taken by various members of
the team. These pictures showcase the wide array of methods used by different team
members.

After individual brainstorming, the team came together to collaborate through a

functional decomposition and morphological analysis. Functional decomposition consists of

breaking the large design down into smaller subfunctions and morphological analysis yields a

matrix of functions and components. Through functional decomposition, we broke down

canthotomy simulation into 8 sub-systems and enucleation simulation into 7 sub-systems. We

then filled in 3-5 possible solutions for each sub-system. By combining different solutions from

each sub-system, our morphological analysis yielded over 102,400 possible solutions for

canthotomy simulation and 24,000 possible solutions for enucleation simulation. A portion of

each morphological matrix can be seen in tables 6 and 7, full matrices can be seen in Appendix

A. This collaboration allowed us to share our ideas and build off of everyone’s individual

concepts from brainstorming. Additionally, this structured approach made concept selection

easier, as we were able to pick the top few solutions for each sub-system into full design ideas.
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Table 6: Part of the Morphological Matrix for Lateral Canthotomy

Subsystem Solutions

Skin
(consumable)

Foam tape Gauze Paper napkin

Lateral Canthal
Tendon

Rubber band Paper napkin String

Connect Lateral
Canthal Tendon
to base

3D-printed
hooks

Screws Clips Tacks

Intraocular
pressure

Spring Magnet Lever

Connect base to
table

Suction cups Clamp Tape
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Table 7: Part of the Morphological Matrix for Enucleation

Subsystem Solution

Eye 3D printed
(open end

hook)

3D printed
(close end

hook)

Rubber
ball

Optic
Nerve

Rope Hot glue
stick

Wooden
dowel

Eraser
rope

Rubber Plastic
tubing

Connect
Optic
Nerve to
Base

Set Screw Tie under
base

Lock into
base

Muscles Rubber
band

String Tape

Connect
Muscles to
Base

Nail Clip Close end
hook

Open end
hook

Concept Selection Process

Three different selection processes were used to narrow all the generated concepts for

both enucleation and lateral canthotomy to one alpha concept for each surgery. The first

process was a simple gut check to eliminate concepts that were unfeasible due to cost,

properties, availability, or a number of other reasons. For the canthotomy, the gut check
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eliminated 12 potential concepts for 6 different subsystems. For the enucleation, it eliminated 9

concepts for 5 different subsystems. The eliminated concepts can be seen in tables 8 and 9.

Tables 8 and 9: Eliminated Concepts in the Gut Check Process for Enucleation and Canthotomy

Eliminated in Gut Check (Canthotomy) Eliminated in Gut Check (Enucleation)

Eye 3D Printed Eye, Hard Boiled
Egg

Eye Ping Pong Ball

Skin Paper Napkin, Cloth Skin Tape

LCT Cloth, Paper Napkin Muscle Paper Napkins,
Tape

LCT to Base
Connection

Clips, Staples, Tacks Base to Optic Nerve
Connection

Glue, Lock into
Base, Tie end of
nerve under base

Skin to Base
Connection

Tape Muscle to Base Connection Nail, Clip, Screw

IOP Magnet, Lever

After the gut check was performed, we met with Dr. Nelson to get her input on the

concepts. With Dr. Nelson’s knowledge of how the surgeries are performed and the forces

needed to cut the muscles,skin, and nerve, she eliminated materials that she thought were not

representative of these tissues. The concepts she eliminated are shown in the tables 10 and 11.

Tables 10 and 11: Eliminated Concepts in the Stakeholder Input Process for Enucleation and
Canthotomy

Eliminated in Stakeholder Input (Enucleation) Eliminated in Stakeholder Input (Canthotomy)

Optic Nerve Hot Glue Stick, Pencil,
Wooden Dowel, eraser
rubber, plastic tubing

Skin Gauze. Cloth

For our third concept selection process, we made three different full model designs using

surviving concepts from the first two selection processes for both enucleation and canthotomy

and compared them in a Pugh chart. When creating the designs, we selected a concept from

each of the subsystems for that model and combined them together. Some subsystems only

had one surviving concept but others had several. For the subsystems that only had one
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concept, the concept was used in each design, but for the others, one of the several concepts

was chosen for that subsystem for each of the three designs for that surgery. If a subsystem had

more than there surviving concepts, we reviewed the results of the gut check and Dr. Nelson’s

input to rank the top 3. The three designs for enucleation and canhotomy are shown below with

their specific subsystem concepts.

Table 12: The three designs for Enucleation

Enucleation Designs Concepts Used

Eye - Closed Hook 3-D Printed Eye
Muscles - Rubber Bands
Optic Nerve - Nylon Rope
Nerve Connections - Tie into Hook

Eye - Rubber Ball
Muscles - String
Nerve - Rubber Hose
Nerve Connection - Set Screw
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Eye - Open Double Hook 3-D Printed Eye
Muscle - Rubber Band
Nerve - Cotton Rope
Nerve Connection - Set Screw

Table 13: The three designs for Canthotomy

Canthotomy Designs Concepts Used

Cut Part of Skin - Tape
Eye - Rubber Ball
Connecting Skin to Base - Friction
Connecting Tendons - Hooks

Cut Part of Skin - Gauze
Eye - Ping Pong Ball
Connecting Skin to Base - Snap
Connecting Tendons - Screws
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Cut Part of Skin - Cloth
Eye - Rubber Ball
Connecting Skin to Base - Velcro
Connecting Tendons - Screws

After the sketching of the designs, they were compared in a Pugh chart. All three

designs were compared in every requirement with the first design providing the baseline and

then scoring (by using a +1 or -1) the other two based on if it fulfills the requirement better than

the first design. The requirements were weighed by assigning them a 1, 2, or 3 based on if they

were of low, medium, or high priority. Once all the scores were given, the -1’s and +1’s were

multiplied by the weight of that requirement and then all the weighted scores for that design

were added together for a final score. Abbreviated Pugh charts containing only requirements

that had different scores for different designs can be viewed in tables 14 and 15. The complete

Pugh charts can be found in Appendix B.
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Table 14: The Pugh chart for Enucleation

Requirements Weight Design #1 Design #2 Design #3

Able to simulate optic nerve 3 0 -1 0

Consistent in user experience 3 0 -1 0

Able to simulate muscles 2 0 -1 +1

Ability to reflect success 2 0 +1 0

Easy to reset 1 0 +1 +1

Portable 1 0 0 -1

Durable 1 0 0 -1

Total 0 -5 1

Table 15: The Pugh chart for Canthotomy

Requirement Weight Design 1 Design 2 Design 3

Able to Simulate Cutting Skin 3 0 0 -1

Easy to Reset 3 0 0 +1

Durable 1 0 +1 +1

Helpful in learning surgical techniques 1 0 0 -1

Total 0 1 0

Selected Concepts

After creating the Pugh charts, we compared the scores of all 3 designs and shared our

opinions. For the enucleation, Design 3 had the highest score and although it will be slightly

harder to bring on an airplane and not as durable as the other two designs, it’s ability to simulate
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muscles and as it’s ease of resetting with the spool of rope made it the best option for our alpha

design. Design #1 was close but both the other designs were believed to have the ability to

reset easier. Design #2 was by far the worst as it lacked the ability to simulate the optic nerve

and muscles and have a consistent user experience. Design #3 is shown again below for

reference.

Figure 10: Our alpha design for enucleation with added dimensions. The top drawing
shows what the resident or doctor would see while performing the procedure. The bottom left
drawing is a cross-sectional view from the side showing the skin covering, the eye sitting in the
socket with the rubber bands and optic nerve attached, and then the optic nerve popping out of
the bottom of the model. A close up of the eye, the hooks, and the set screw at the bottom are
shown on the bottom right.

For canthotomy, the Pugh chart didn’t reveal a clear winner as all three designs scored

within a one point range. With Design #1 as the baseline, Design #2 showed only an

improvement in durability while Design #3 had improved ease to reset and durability but lacked

the ability to simulate cutting the skin and being helpful in learning surgical techniques. With all

three scores being so close, we decided to take the best concepts for each subsystem and

combine them into a new design. The new design included the foam tape from Design #1 and

the rubber ball, velcro, and screws were included from Design #3. The hope is to benefit from
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the pros of Design #3 while eliminating the cons with the addition of the tape. The new alpha

design for lateral canthotomy is shown below.

Table 16: Picture of the Alpha design for canthotomy and its components.

Cut Part of Skin - Foam Tape (From #1)
Eye - Rubber Ball (From #3)
Connecting Skin to Base - Velcro (From #3)
Connecting Tendons - Screws (From #3)

In this sketch, the upper drawing shows the model with the skin on which is what the

resident or doctor will see when doing the procedure. The bottom left drawing is what the top of

the model will look like without the skin, revealing the tendons and the screws that hold them.

The bottom right drawing is a cross-sectional view of the eye socket showing the rubber ball eye

connected to a spring and being restricted by the tendons. This view also shows the side

screws which the tendons hook on to.

Engineering Analysis

The engineering analysis for this project is based on our concept selection. The final

solution is determined by the results. The strategies and schedules are introduced in Worries,

Design for ‘X’ and Risk and Safety.

Worries

There are a couple of worries about if our solution can fulfill all our requirements and

specifications. As most of the worries for enucleation are similar to those for canthotomy,

worries in common for both simulators are introduced first. Then the separated ones for

canthotomy are discussed.
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For both the simulators, the first worry is if the simulated organs are realistic when

cutting. To solve this problem, physical dimensions for each real organ are researched first.

After that, some candidate material with similar properties would be collected and shown to Dr.

Nelson for a test cut. The prior material can be determined by her cutting feedback. If all

candidates are not realistic, the material selection process will be iterated until satisfaction. The

selected materials are shown in Tables 18 and 19.

The second worry is if the base will slip on the table. A back of the envelope calculation

was done to determine if the friction between the base and table would be enough to keep the

base from moving while under a 10N force. The static coefficient of friction was found to have a

maximum of 0.340 and the friction force can be seen below [46].

Figure 11: Calculations for the friction force between the base of the model and
the table.

The friction force was found to be only 1 newton,  which is 9 newtons lower than the 10

newton specification. Therefore something must be added to hold the base down.
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The third common worry is if the hooks on the base can withstand the drag force

provided by the simulated tissues. A larger separation between the hooks on both ends of the

tissue results in a more stretched tissue with higher tensile pressure. The high pressure may

break the hook if it is not strong enough. However if the tissue is too loose, the cutting is not

realistic. This worry will be solved by deciding the hook positions and selecting the right

material. After optional solutions are made, some solid mechanism will be applied to the

calculation. The Mohr’s Circle will be used to get von Mises effective normal stress. It is

expressed as:

(1)[37]σ
𝐻
= 1

2 [(σ
1
− σ

2
)2 + (σ

2
− σ

3
)2 + (σ

1
− σ

3
)2]

The result will be compared to the material yield strength. If the structure doesn’t fail, the

solution will be taken and tested empirically afterwards.

The first worry for canthotomy is if accurate intraocular pressure is simulated. An

accurate pressure makes the training more realistic and able to reflect success. The pressure is

designed to be provided by a spring and a rubber band. A free body diagram of the structure is

shown in figure 12.

Figure 12: Shown is the structure in the simulated eye orbit. The rubber band is
fixed on the base by two screws and the spring is compressed by the tensile force of the
rubber band.

To select the best type of spring and determine the position of the screws, the equivalent

force provided by the pressure is calculated first. The actual intraocular pressure is caused by

the increased tissue fluid inside the eyeball. The tendon prevents the eyeball from expanding so
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the liquid is compressed and then generates extra pressure. To measure this force, we assume

that the pressure only acts on a half of the eyeball and its geometry is hemisphere. The

pressure acting on the surface results in the same magnitude of force as the pressure acting on

the cross sectional area of the sphere. The force can then be calculated as below.

Figure 13: Shown on the left is the mechanism of the intraocular pressure [52],
shown on the right is the free body diagram of the hemisphere eyeball.

[2][37]𝐹
𝑠𝑝𝑟𝑖𝑛𝑔

=
𝑆𝑢𝑟𝑓𝑎𝑐𝑒
∮ ρ𝑑𝐴 = 𝑃 × 𝐴𝑟𝑒𝑎

𝐹
𝑠𝑝𝑟𝑖𝑛𝑔

= 𝑃 × π × ( 𝐷
2 )

2
≈ 3. 927𝑁 ≈ 0. 9𝑙𝑏𝑠

Where D is the diameter of the eyeball which is 25mm, P is the intraocular pressure

which is 60 mmHg according to Dr. Nelson. Then the spring formula will be applied to calculate

the deformation needed for each type of spring. The equations are expressed as:

(3)[37]𝐹 = 𝑘 × ∆𝑥

A list of springs with their dimensions and spring rate on McMaster is used to determine

the candidate. The spring with 39 mm length and 11 mm diameter is taken. Its spring rate is

0.27 lbs/mm and the deformation is calculated as 3.33 mm. After that, the position of the screw

and the length of the rubber band need to be determined. We used the #82 rubber band based

on the dimension of the real eye tendon. The system is shown below.
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Figure 14: Shown is the free body diagram of the rubber band. areθ
1,2

the angle between the vertical axis and the tangent direction. is the tensile𝐹
𝑡𝑒𝑛𝑠𝑖𝑙𝑒

force in the rubber band.

(4)𝐹
𝑠𝑝𝑟𝑖𝑛𝑔

= (𝑐𝑜𝑠θ
1
+ 𝑐𝑜𝑠θ

2
) · 𝐹

𝑡𝑒𝑛𝑠𝑖𝑙𝑒

𝐹
𝑡𝑒𝑛𝑠𝑖𝑙𝑒

= 3.927𝑁
(𝑐𝑜𝑠θ

1
+𝑐𝑜𝑠θ

2
)

Since there are three unknown variables in one equation, no absolute solution can be

found except for a relationship between them. So an empirical test on a foam board is made to

determine the dimensions. The test is shown in Figure 15.

Figure 15: Shown is the foam board test. The step wall is 35 mm high.

Once the bouncy ball touches the step, the force gauge measures a 4.3N force. Then

the rubber band is fixed on different positions to compress the ball to the step. Those couples of

end positions are recorded and taken into the design of the base CAD model. The length of the

rubber band is 55 mm. The left end is 25 mm away from the centroid of the eyeball and the right

end is 20 mm away. Both ends are lined up with the centroid of the eyeball.

The second worry for canthotomy is if the simulated tendon can withstand the intraocular

pressure. The rubber band is tightened to simulate the intraocular pressure. However there is a
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hole in the middle of the rubber band to simulate the real shape of the lateral canthal tendon.

Besides the normal stress equation, a creep law equation is also applied to ensure the rubber

band will not crack before cutting. The equations are expressed as:

(4)[37]σ = 𝐹
𝐴

(5)[37]ε = 𝐴σ𝑛𝑒𝑥𝑝(− 𝑞/𝑘𝑇)

If the result shows it doesn’t fail during its lifetime, the solution will be taken and tested

empirically afterwards.

Design for ‘X’

According to our requirements and specifications. In this project, we mainly focus on the

manufacturing, assembly and cost fields.

Design for manufacturing

At this stage, the base for both simulators and the eyeball for enucleation are planned to

be 3D printed. When drawing the CAD model, we should prevent some unfeasible features like

inner corners or too many suspended structures. After the prototype is made, DFMpro for

Solidworks is used to check the manufacturing feasibility.

The rest of the simulators are all easily manufactured with consumable parts. No too

much attention is needed at this stage.

Design for assembly

Since there is an important requirement to minimize the reset time. We plan to apply the

manual assembly time formula to see if we fulfill the specifications. The equation is expressed:

(6)[40]𝑇
𝑡𝑜𝑡𝑎𝑙

=
𝑗=1

𝑁
𝑃

∑ (𝑡ℎ
𝑗
+ 𝑡𝑖

𝑗
)
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Where is the number of parts, is handling time for part j and is insertion and𝑁
𝑃

𝑡ℎ
𝑗

𝑡𝑖
𝑗

fastening time for part j. The value for and can be obtained in an engineering chart. A𝑡ℎ
𝑗

𝑡𝑖
𝑗

portion of the chart is shown in Table 17. When the prototype is built, an empirical test will be

taken to check this.

Table 17: A portion of the manual assembly code chart.[40]

Design for cost

There is the requirement to be inexpensive. A bill of material is used to see if we fulfill

the specifications. An estimation of the BOM at this stage is shown in tables 18 and 19. From

these estimates, we’ve determined that the reusable parts of the canthotomy simulator will cost

about $30 to manufacture, and the consumable parts will cost about $0.07 per simulation. The

reusable parts of the enucleation simulator will cost about $38 to manufacture, and the

consumable parts will cost about $0.23 per simulation.
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Table 18: Canthotomy Bill of Materials

Part Description Quantity Price

PLA 3D-printing material
for the base and mold
for the skin

~300g ~$20 per kg [33]

Size #82 Rubber
Bands

½”-thick rubber
bands to simulate the
lateral canthal tendon

2 rubber bands per
simulation

~$8 per pack of 600
[34]

25 mm Rubber Ball Simulates eye 1 ball per simulator
(½ ball per eye)

$1 per pack of 2 [35]

1” #4 18-8 Stainless
Steel Phillips
Rounded Head
Thread-Forming
Screws for Plastic

Screws used to
attach rubber bands

3 screws per
simulator

$8.50 per pack of 25
[36]

3M Microfoam
Surgical Tape

Used to simulate
consumable skin

25 mm2 per
simulation

$24 per box of 3 rolls
(5000 mm2 per roll)
[42]

Spring Used to simulate the
intraocular pressure

2 per simulator $13.28 per pack of 5
[53]

Dragon Skin FX-Pro
silicone

Molded reusable skin 1 per simulator $35 for 1 pint of
silicon [50]

Mann Release
Technologies Ease
Release 200

Releasing agent for
molding silicon

1 per simulator $22 for 1 14 fl. Oz.
can [51]

Thread-On Feet Attaching the base to
table

4 per simulator $9.67 per pack of 10
[55]

Table 19: Enucleation Bill of Materials

Part Description Quantity Price

PLA 3D-printing material
for the base, eye, and
mold for the skin

~300g ~$20 per kg [33]

Size #62 Rubber
Bands

¼” thick rubber bands
to simulate the
medial rectus muscle

1 rubber band per
simulation

$5 per pack of 100
[38]

3/16”-Diameter Used to simulate ~2” per simulation $8 per 50’ spool [39]
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Polypropylene Rope optic nerve

1” #4 18-8 Stainless
Steel Phillips
Rounded Head
Thread-Forming
Screws for Plastic

Used to hold optic
nerve in place in the
base, as well as
attach medial rectus
muscle to base

4 per simulator $8.50 per pack of 25
[36]

3mm-Diameter
Elastic Cord

Used to simulate the
rectus muscles

~6” of rope per
simulator

$5 per 10-yard spool
[

Dragon Skin FX-Pro
silicone

Molded reusable skin 1 per simulator $35 for 1 pint of
silicon [50]

Mann Release
Technologies Ease
Release 200

Releasing agent for
molding silicon

1 per simulator $22 for 1 14 fl. Oz.
can [51]

Thread-On Feet Attaching the base to
table

4 per simulator $9.67 per pack of 10
[55]

Risk and Safety

As a part of the engineering ethics, we analyzed some possible risks our simulator might

have. Failure Modes Effective Analysis was used. The results are shown in Table 20.

Table 20: Failure Modes Effective Analysis table

Failure Mode Effects Severity Probability Detection
Rate

RPN

Spring  fails to simulate
IOP

Result can’t be reflected 5 2 3 30

Rubber band breaks
under IOP

Training fails 8 1 2 16

Base slips during training Training fails
Trainer might get injured

10 2 7 140

Base cracks during
training

Training fails
Trainer might get injured

10 1 3 30

Sharp corners on
simulator

Trainer might get injured 10 1 1 10
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The severity is rated based on how severe the consequence of each failure is. It goes up

to 10 when the failure affects safe operation or regulatory requirements, without warning.

Probability is rated based on how often the failure occurs. The higher the rate is, the more likely

it will happen. The detection rate is how hard it will be to diagnose the problem. The rate goes to

the highest  if there is no chance of detection prior to release to customers. Risk Priority Number

(RPN) is the product of the severity, probability, and detection rate. The failure is considered as

reasonable if its RPN is lower than 30 and is seen as almost certain to occur if its RPN is higher

than 100. In this project, base slipping during training has the highest RPN at 140. This is

because if the base slips, the trainer’s hands might get scratched by the hard sharp corners or

edges when pushing the base hard. And it is more likely to happen than other failures because

some of the operation tables have a smooth surface while others do not, so the attachment

method may not work well for all cases. In addition, this slip can only occur during operation

which is hard to predict. To solve this problem, we are going to select the strongest attaching

method in our final solution and we may apply a higher push force during the empirical test to

ensure it will not slip in training.

As a conclusion, our alpha design is well defined to be analyzed rigorously using

engineering concepts. This project involves solid mechanics, material behavior, manufacturing

process, and design for manufacturing fields. It is not extremely difficult even under the ME 450

constraints. If there are no constraints we may test the real organ in the laboratory to get more

accurate material properties. And then we may be able to select simulting material from a

broader source.

Build Design

Lateral Canthotomy Build Design

The lateral canthotomy build design will consist of a 3D-printed base, two springs, three

1” #4 18-8 screws, one 25mm-diameter rubber ball cut in half, two size #82 rubber bands, foam

tape, and a silicon rubber face. We fabricated a 3D-printed base based on the ocular area of the
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skull. One spring is placed in the middle of each eye socket to emulate the intraocular pressure

caused by Orbital Compartment Syndrome. Half a rubber ball is then put on top of each spring

to represent the eyeball. Screws are inserted on the inside and outside corner of each eye. A

rubber band is then stretched between the inner and outer screws of each eye to mimic the

lateral canthal tendon and place the spring under tension. Molded silicone rubber is placed over

the 3D-printed base, representing the skin and nose over the skull that is not to be cut. Foam

tape is placed on the outer corner of each eye between the silicone rubber and the rubber band

to simulate the skin that must be cut in order to access the lateral canthal tendon underneath.

Some crucial dimensions are listed in Figure C1. All dimensions are within acceptable tolerance,

adjustment on the vertical position of the screws can ensure the spring to be compressed to the

target length.

Figures 16, 17, 18, and 19: Shown at the top are top and front views of the
canthotomy base with springs, rubber ball eyes, and screws shown. Shown at the bottom
are the perspective views of the manufactured trainer with and without the rubber skin.
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Figure 20: Perspective view of the mold used for injection molding of the silicone
rubber.

Enucleation Build Design

The enucleation build design consists of a 3D-printed base, two 3D-printed eyes, a ¼”

rubber band cut into four 6 mm pieces, two spools of 3/16”-diameter polypropylene rope, four four

1” #4 18-8 screws, 3mm-diameter elastic rope, and silicon skin.

The 3D-printed base, which can be seen in figures 21, 22,  and 23 resembles an

anatomically correct ocular region of a human skull. Inside the orbit of each base, there are 3

through holes for the elastic rope, which simulate the rectus muscles of the eye, one hole to

insert a screw to attach the medial rectus muscle, and a hole in the back of the orbit, leading out

of the bottom of the base. This tunnel houses the polypropylene rope, which simulates the optic

nerve and can be locked into place using a set screw.
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Figures 21, 22, and 23: Isometric (18), top (19), and bottom (20) views of the
enucleation base. The through holes, orbital holes, and screw locations can be seen from
the isometric and top view, while the bottom view shows the path the rope will take to get
from the side of the base up to the orbit.

The 3D printed eye, seen in figure 24 consists of three protrusions to allow the elastic

bands be tied to, a hook to attach the rubber band acting as the medial rectus muscle, and a

hole through the eye to allow the rope simulating the optic nerve to enter and be attached by

tying a knot at the end of the rope after threading it through the eye. Similar to the lateral

canthotomy simulator, a molded silicone rubber face will be placed on top of the device to

resemble a patient’s facial skin. An image of the built simulator can be seen in figure 25.

Dimensioned drawings of all 3D-printed parts can be found in Appendix C.
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Figure 24: An isometric view of the 3D-printed eye, showing the hooks which will
attach to the elastic rope and rubber band, as well as the hole for the rope.

Figure 25: A picture of the built enucleation design. Elastic rope holds the three
outer hooks on the eye. The polypropylene rope representing the optic nerve is threaded
throught the bottom of the base and 3D-printed eye. The rubber band representing the
medial rectus muscle is not pictured because the hook holding it on the 3D-printed eye
fractured before this picture was taken.

Verification

For verification, we did small empirical tests to check if each specification is met. For the

Canthotomy model, we tested how easy it is to restock by performing a time trial of timing

ourselves as we reset the model after a use. On average, the time of reset was 25 seconds with

the majority of the time being used to cut and place the foam tape. For simulating the intraocular

pressure, we used a force gauge to see if the force is 4N when the spring is compressed to the
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target position where the rubber band is added. It achieved 4.3N which is within 10% difference.

However, when Dr. Nelson cut the rubber band she requested the force be increased to at least

100mmHg as well as the eye being increased to the size of the original team’s eye so the

scissors can slide across the eye easier. As a result, we will replace the current spring with a

stiffer one and use a larger rubber ball as the eyeball in future. For simulating the cutting of the

skin and tendon, our verification came from Dr. Nelson. Dr. Nelson pointed out our first set of

rubber bands (#60 rubber bands) were not thick enough to properly simulate the tendons. We

then switched to the #80 rubber bands which allowed us to cut a slit to make the two tendons.

After being shown this new rubber band, Dr. Nelson approved it as a good replacement for the

tendons.To see if the simulator is portable, we showed the simulator to Dr. Nelson and

Professor Sienko and with their experience of taking models on planes and to other countries,

approved the model for portability. For reusability, there is not much we can do in class as this

specification requires a long period of time. We verified it will be durable by performing a drop

test from a 5 foot table which it survived. The specification of less than $1 per use was

confirmed by adding the cost per use through the prices in our bills of materials. Assuming each

$8 bag of rubber bands can be used for 300 uses and each roll of tape can be used for 50 uses,

the per use cost for the consumables is $0.35 which is much less than the $1 required. For

verification in aiding in learning surgical procedures and consistent user experience, residents

will need to use the simulators and their feedback can verify these specifications or point to the

simulator needing more work.

One area of improvement that was determined in the engineering analysis was the base

slipping. Since the friction force of the base is too small, something must be added to hold the

base. Our team discussed different options including taping the base down, screwing it to the

table, using suction cups, attaching velcro, using a c-clamp, adding rubber feet, and more. An

empirical test was conducted to see if tape could be used by taping the base to the table using

three different kinds of tape (duct, foam (from the canthotomy materials), and electrical) and
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then pushing on it with a force gauge until it moved. Four tests were taken with each kind of

tape with two sets of tape each. The first test was with new tape, the second test was with the

first set but resecured, the third with a new set, and the fourth reusing the second set. This

method of reusing tape was used to see how the tape would respond if it was already moved

before. The results of the test and the setup with all three tests are shown below.

Table 19: Results for the base slipping testing with the slip. The specification
asks that the tape can resist a force of 10 newtons (N) or 2.25 pounds (lbs).

Kind of Tape Force Required to Move Base (lbs) Average

Duct 17.5 23.375

28

27

21

Foam Tape 11 9.5

9

6

12

Electrical 6.5 6.75

6.5

7.5

6.5

Figures 26, 27, and 28: The experimental setup for all three kinds of tape. Duct
is used on the left, foam tape in the center, and electrical on the right.

All three tapes were verified that they could reach the 10N (2.25 lbs) specification. This

cements them as a viable option to secure the base. After more team discussion, rubber suction

cup feet were used to hold the base down. These easily surpassed the 10 N requirement and

received a positive reaction from Dr. Nelson.
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For enucleation, many of the tests will be the same as the canthotomy as many

specifications are the same. For the reset time of 5 minutes, another “time trial” was planned in

the same way the canthotomy trial was performed, just with a different procedure. However,

since the hook broke on all our 3-D printed eyes we were not able to performed the test. We do

have confidence that the reset time will be below 5 minutes as the only resettable parts are the

string for the optic nerve and string for the medial rectus muscle. The specification for cost of

reusables is also different but with the costs from the bill of materials, each use will cost $0.41

which is much lower than the $5 limit. The only independent requirement is simulating the optic

nerve, which was verified by Dr. Nelson early in the concept selection process, and blindly

locating the nerve which can be verified when the residents test the simulator.

Validation

Our validation will involve giving the simulators to Dr. Nelson and having trained doctors

use them. Doctors should be the first ones to test the model as they have been through the

training before and know its pros and cons. If the doctors believe these simulators drastically

improve the training experience and will help residents gain more confidence when performing

the surgeries, it can then be given to the residents. The residents will be in the midst of training

and will be able to tell us if the model helps their understanding of the surgeries and how to

perform them. If both groups give the model a good score and are happy with the training it

provides, it has been validated that we have tackled the problem of a lack of high fidelity models

with a low price point.

Discussion

Problem Definition

If we, as a team, had more time and resources for this project, we would like to have a

greater understanding of the eye and the two surgeries. An example of this would be to attend a

live enucleation. This idea floated around early in the semester but we were unable to attend

one because of schedules and project timing. A live enucleation would help us understand the
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surgery in more detail as well as what the surgeon must do during it. This new understanding

will allow us to make the simulator more accurate for the surgeon and improve its effectiveness.

Although viewing a live canthotomy would also be interesting and helpful, an enucleation is

planned and would allow the doctor to know all factors they would have to deal with. More

research or a formal training on the procedure would be a good replacement for a live surgery.

And the we would further improve the fidelity of the trainers. To do this, firstly we will measure

the material properties of tissues in a lab instead of looking for the estimated data from

literature. Then we will collect more material candidates for cutting pieces. After that we will

measure their properties again in the lab and compare them to the reference data to get the

best fit option instead of simply getting results from Dr. Nelson’s test cut. One another

improvement is on the solid mechanism analysis. Instead of using a single formula to calculate

the pressure, stress, and strain we will use a software based finite element analysis to measure

the whole system. Then we can verify our trainers’ persistence by the pressure contour map in

addition to the empirical tests. Besides, we would fabricate a larger number of trainers. This

would make the trainers available to more residents, doctors, and emergency personnel as a

learning tool. Rather than relying on surveys to verify their educational usefulness, we would

develop performance metrics for the speed and accuracy of the surgery performed that could be

scored by either the instructor or by the student themself. Given even more time, clinical data

supporting less mistakes and complications being made by those who used the trainers when

actually performing the surgeries would be the ultimate standard of the fidelity and usefulness of

the trainers.

Design Critique

In hindsight, our canthotomy model performed very well with all the requirements being

fulfilled and gave us a great confidence our model will help residents and ER doctors perform

the surgery well. A few improvements can be made though. One improvement is a more

consistent slit in the middle of the rubber bands . We made most of the tendons at the design
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expo and had no template to base our cuts. This led to inconsistency and although there always

will be some inconsistencies with cheap consumables, we can eliminate a good amount if we

had something to help us make good cuts each and every time. Some improvements Dr. Nelson

proposed right before the design expo was a stronger spring and a larger eyeball for the

canthotomy model. She wanted the spring force to be greater and the eyeball to glide her

scissors to the tendon. We have already ordered new springs and plan to order new bouncy

balls or at least find the correct size online.

Our enucleation was not as far along as the canthotomy. However the canthotomy model

already had a semester of work on it and the enucleation was a brand new project. Some

improvements are the hook which the medial rectus muscle connects to, how to neatly connect

the other three tendons without taking up too much space on the simulator,, improve the

process of replacing the optic nerve, and finalize a material for the medial rectus. Because we

had made the one hook and three loops design change so late, we have not had the opportunity

to fully test the new model and eye which many of these improvements are from. For example,

Dr. Nelson liked the elastic rope we had chosen for the other rectus muscles and asked if we

could use that rope for the medial rectus instead of a rubber band. This question was made

after we sent in the last model base of the semester for printing so this is an improvement that

has previously had no testing or formulation.

Reflection

Public health, safety, and welfare are at the core of our project. Our goal has been to

improve surgical outcomes worldwide. This will be realized by creating a device that allows

ophthalmic residents to practice surgeries without the need for a patient, without being

cost-prohibitive in lower-resource settings. In the short term the simulators will be used to train

residents here at the University of Michigan, in the long term it will be used to train medical

students in Ethiopia. By making our trainers low-cost to manufacture and use they are more

accessible to the maximum number of people globally. Due to the surgeries involving cutting,
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some consumables are unavoidable, but have been minimized and the simulators have been

designed to maximize their life cycle. Throughout our project all the team members worked

together to bring their own perspectives and experiences which was beneficial to the project

overall. Some of us are good at drawing CADs, some are good at engineering calculations,

some are good at manufacturing. We cooperate efficiently and harmoniously. Our primary

stakeholder, Dr. Nelson was critical throughout this process through contributing her knowledge

about the surgeries and the aspects that residents most often struggle with. We keep in good

contact with her for the whole semester and meet many times to have test cuts or get feedback.

We also raised a survey on the knowledge about those two surgeries for Dr. Nelson’s residents.

At the same time other stakeholders getting involved, we better understand what we need to do

in this project. We don’t have many ethical dilemmas in this project, there is no pollution or harm

either in manufacturing, use or disposal.

Recommendations

As we move on from this project, we’d like to leave behind a few recommendations for

Dr. Nelson and future groups who may continue working on these simulators. For the

enucleation, we recommend additional iterations be done to the 3D-printed eyeball design.

Creating hooks outside the body of the eye added interference when fitting it into the orbit.

Additionally, the small hooks required to connect the rectus muscles to the eye were very brittle

and could not withstand the typical loading to reset the simulator.

For both simulators, further validation is required. We have created a validation survey

based off a previously validated survey for a canthotomy trainer [15], but were not able to get

our simulators into the hands of residents and ophthalmologists to test them out and complete

the survey. We believe this would be the best way to validate our designs and confirm that they

will be useful in training future ophthalmologists.
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Conclusions

For enucleation and lateral canthotomy surgeries there currently exists no low-cost

high-fidelity trainers for residents to practice. Our goal was to design trainers for both surgeries

that are useful educational aids without being cost prohibitive to use in low-resource settings.

Through database research and talking with Dr. Nelson we created design requirements and

specifications to accurately simulate the surgeries. There were challenges creating two trainers

in parallel, which required additional planning and organization. We designed, built, and tested

our two alpha designs, using mathematical and physical models in order to verify and validate

the performance of individual sub-systems. Throughout the design process we acquired

feedback from Dr. Nelson, Professor Sienko, and our peers to improve the fidelity and

usefulness of the model while maintaining a low cost of the design overall as well as the cost

per use. We iterated on both base designs and the enucleation eye’s design multiple times.

Some aspects of both designs still require further iterations, as well as a more complete

validation process. Overall, this project has been successful, and we look forward to seeing the

completion of our work by future design teams.

Acknowledgements

We would like to thank our sponsor, Dr. Christy Nelson, her administrative assistant,

Amanda McGuire, the Kellogg Eye Center, and our section instructor, Dr. Kathleen Sienko, for

all their insight, advice, and help throughout this semester and project.

51



Sources

[1] Amer, E., & El-Rahman Abbas, A. (2019). Ocular compartment syndrome and lateral
canthotomy procedure. The Journal of Emergency Medicine, 56(3), 294-297.
doi:10.1016/j.jemermed.2018.12.019

[2] Anthropometry of U.S. military personnel (metric). (1991). Washington, D.C.: U.S. Dept. of
Defense.

[3] Borgersen, N.J., Naur, T.M.H., Sørensen, S.M.D., Bjerrum, F., Konge,L., Subhi, Y., Thomsen,
A.S.S, Gathering Validity Evidence for Surgical Simulation, Annals of Surgery: June
2018 - Volume 267 - Issue 6 - p 1063-1068

[4] Brydges, R., Hatala, R., Zendejas,B., Erwin, P.J., Cook, D.A., Linking Simulation-Based
Educational Assessments and Patient-Related Outcomes, Academic Medicine: February
2015 - Volume 90 - Issue 2 - p 246-256

[5] Brady, C. (2022, February 08). How to do lateral canthotomy - eye disorders. Retrieved
February 13, 2022, from
https://www.merckmanuals.com/professional/eye-disorders/how-to-do-eye-procedures/h
ow-to-do-lateral-canthotomy

[6] Cross, N (1994) Engineering design methods: strategies for product design.
[7] Dery, S. K., Kaufmann, E. E., Marzano, D., Deininger, M., Asem, C. K., & Sienko, K. H.

(2019). Design and evaluation of a subcutaneous contraceptive implant training
simulator. International Journal of Gynecology & Obstetrics, 147(1), 36-42.
doi:10.1002/ijgo.12896

[8] Enucleation, eye. (n.d.). Retrieved February 13, 2022, from
https://www.surgeryencyclopedia.com/Ce-Fi/Enucleation-Eye.html

[9] Gower, E.W., Kello, A.B., Kollmann, M, Johnson, J. (2016, September). Surgical Simulation
in Low-resource Settings Improves Intra-operative Aspects of Trichiasis Surgery Training
[Conference presentation abstract]. 2016 ARVO Annual Meeting.

[10] Griffin, M. F., Leung, B. C., Premakumar, Y., Szarko, M., & Butler, P. E. (2017). Comparison
of the mechanical properties of different skin sites for auricular and nasal reconstruction.
Journal of Otolaryngology - Head & Neck Surgery, 46(1).
doi:10.1186/s40463-017-0210-6

[11] Hayreh, S.S., Kolder, H.E., Weingeist, T.A., Central Retinal Artery Occlusion and Retinal
Tolerance Time, Ophthalmology, Volume 87, Issue 1, 1980, Pages 75-78

[12] Kong, R., Kaya, D. P., Cioe-Pena, E., & Greenstein, J. (2018). A low fidelity eye model for
lateral canthotomy training. African Journal of Emergency Medicine, 8(3), 118-122.
doi:10.1016/j.afjem.2018.02.002

[13] Lee, R., Raison, N., Lau, W. Y., Aydin, A., Dasgupta, P., Ahmed, K., & Haldar, S. (2020). A
systematic review of simulation-based training tools for technical and non-technical skills
in ophthalmology. Eye, 34(10), 1737-1759. doi:10.1038/s41433-020-0832-1

[14] Lima, V., Burt, B., Leibovitch, I., Prabhakaran, V., Goldberg, R.A., Selva, D., Orbital
Compartment Syndrome: The Ophthalmic Surgical Emergency, Survey of
Ophthalmology, Volume 54, Issue 4, 2009, Pages 441-44

[15] Mendes, M., Buchanan, J. A., Sande, M., & Moreira, M. E. (2021). An easily assembled,
low-cost model for lateral canthotomy education. The Journal of Emergency Medicine,
60(6), 777-780. doi:10.1016/j.jemermed.2021.01.003

[16] Mncube, S. S., & Goodier, M. D. (2019). Normal measurements of the optic nerve, optic
nerve sheath and optic chiasm in the adult population. South African Journal of
Radiology, 23(1). doi:10.4102/sajr.v23i1.1772

52

https://www.merckmanuals.com/professional/eye-disorders/how-to-do-eye-procedures/how-to-do-lateral-canthotomy
https://www.merckmanuals.com/professional/eye-disorders/how-to-do-eye-procedures/how-to-do-lateral-canthotomy
https://www.surgeryencyclopedia.com/Ce-Fi/Enucleation-Eye.html


[17] Morris, C. L., MD, & Woodward, J. A., MD. (2022, February). How to Do an Enucleation (I.
U. Scott MD &amp; S. Fekrat MD, Eds.). EyeNet Magazine. Retrieved February 13,
2022, from https://www.aao.org/eyenet/article/how-to-do-enucleation

[18] Nelson, C., M.D. (2022, February 3). Second Interview [Online interview].
[19] Nelson, C., M.D. (2022, January 25). First Interview [Online interview].
[20] Petinaux, O. (n.d.). Guidelines for Simulation Development. Lecture. Retrieved February 6,

2022, from
https://www.facs.org/-/media/files/education/aei/guidelines-for-simulation-interactive.ashx

[21] Pham, B., MD, Lin, B., MD, & Pham, R., MD. (2021, September 06). How to perform a
lateral canthotomy. Retrieved February 13, 2022, from
https://eyeguru.org/blog/lateral-canthotomy/

[22] Sienko, K. (2022, February 10). Design Review 1 presentation feedback [Online meeting].
[23] SynDaver Labs. (2016). SynDaver Labs 2016 Catalog [Brochure].
[24] Maikos, J. T., Elias, R. A. I., & Shreiber, D. I. (2008). Mechanical Properties of Dura Mater

from the Rat Brain and Spinal Cord. Journal of Neurotrauma, 25(1), 38–51.
https://doi.org/10.1089/neu.2007.0348

[25] Persson, C., Evans, S., Marsh, R., Summers, J. L., & Hall, R. M. (2010). Poisson’s Ratio
and Strain Rate Dependency of the Constitutive Behavior of Spinal Dura Mater. Annals
of Biomedical Engineering, 38(3), 975–983. https://doi.org/10.1007/s10439-010-9924-6

[26] American Red Western Cedar (Giant Arborvitae) Wood. (n.d.). Www.matweb.com.
http://www.matweb.com/search/datasheet_print.aspx?matguid=d88f1ca91b534780a7c8
c7dda02ae0dd

[27] Park, S., Tao, J., Sun, L., Fan, C.-M., & Chen, Y. (2019). An Economic, Modular, and
Portable Skin Viscoelasticity Measurement Device for In Situ Longitudinal Studies.
Molecules, 24(5), 907. https://doi.org/10.3390/molecules24050907

[28] Gioia, V. M., Linberg, J. V., & McCormick, S. A. (1987). The Anatomy of the Lateral Canthal
Tendon. Archives of Ophthalmology, 105(4), 529–532.
https://doi.org/10.1001/archopht.1987.01060040099042

[29] Golahmadi, Aida Kafai, et al. “Tool-Tissue Forces in Surgery: A Systematic Review.” Annals
of Medicine and Surgery (2012), Elsevier, 31 Mar. 2021,
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8058906/.

[30] Lerdlum, S., Boonsirikamchai, P., & Setsakol, E. (2007). Normal measurements of
extraocular muscle using computed tomography. Journal of the Medical Association of
Thailand = Chotmaihet thangphaet, 90(2), 307–312.

[31] Orbital Dimensions. (2015). Retrieved 14 March 2022, from
https://www.ophthalmologyreview.org/articles/orbital-dimensions

[32] Rubber Band Size Chart. (2022). Retrieved 14 March 2022, from
https://www.rubberband.com/about-us/rubber-band-size-chart/

[33] Apcvco. PLA 3D Printer Filament, Apcvo 1.75mm 3D Printer Filament Bundle 1KG Spool
(2.2 LBS) Polylactic Acid 3D Printing Materials, Dimensional Accuracy +/- 0.03 mm
(Black). Retrieved from
https://.amazon.com/Filament-Apcvo-Printing-Materials-Dimensional/dp/B093PNSRMR/r
ef=sr_1_2_sspa?crid=1K4YO1XWC4H2S&keywords=pla&qid=1647478534&sprefix=pla
%2Caps%2C220&sr=8-2-spons&spLa=ZW5jcnlwdGVkUXVhbGlmaWVyPUExR0xIU1lG
QzdZSllZJmVuY3J5cHRlZElkPUEwNzE0NjAzTlFWTTlQVkxORDg2JmVuY3J5cHRlZEF
kSWQ9QTAyNjg4NDkzUDNXNk1EUlhWM0c0JndpZGdldE5hbWU9c3BfYXRmJmFjdGlv
bj1jbGlja1JlZGlyZWN0JmRvTm90TG9nQ2xpY2s9dHJ1ZQ&th=1

53

https://www.aao.org/eyenet/article/how-to-do-enucleation
https://www.facs.org/-/media/files/education/aei/guidelines-for-simulation-interactive.ashx
https://eyeguru.org/blog/lateral-canthotomy/
https://doi.org/10.1089/neu.2007.0348
https://doi.org/10.1007/s10439-010-9924-6
http://www.matweb.com/search/datasheet_print.aspx?matguid=d88f1ca91b534780a7c8c7dda02ae0dd
http://www.matweb.com/search/datasheet_print.aspx?matguid=d88f1ca91b534780a7c8c7dda02ae0dd
https://doi.org/10.3390/molecules24050907
https://doi.org/10.1001/archopht.1987.01060040099042
https://www.ophthalmologyreview.org/articles/orbital-dimensions
https://www.rubberband.com/about-us/rubber-band-size-chart/
https://smile.amazon.com/Filament-Apcvo-Printing-Materials-Dimensional/dp/B093PNSRMR/ref=sr_1_2_sspa?crid=1K4YO1XWC4H2S&keywords=pla&qid=1647478534&sprefix=pla%2Caps%2C220&sr=8-2-spons&spLa=ZW5jcnlwdGVkUXVhbGlmaWVyPUExR0xIU1lGQzdZSllZJmVuY3J5cHRlZElkPUEwNzE0NjAzTlFWTTlQVkxORDg2JmVuY3J5cHRlZEFkSWQ9QTAyNjg4NDkzUDNXNk1EUlhWM0c0JndpZGdldE5hbWU9c3BfYXRmJmFjdGlvbj1jbGlja1JlZGlyZWN0JmRvTm90TG9nQ2xpY2s9dHJ1ZQ&th=1
https://smile.amazon.com/Filament-Apcvo-Printing-Materials-Dimensional/dp/B093PNSRMR/ref=sr_1_2_sspa?crid=1K4YO1XWC4H2S&keywords=pla&qid=1647478534&sprefix=pla%2Caps%2C220&sr=8-2-spons&spLa=ZW5jcnlwdGVkUXVhbGlmaWVyPUExR0xIU1lGQzdZSllZJmVuY3J5cHRlZElkPUEwNzE0NjAzTlFWTTlQVkxORDg2JmVuY3J5cHRlZEFkSWQ9QTAyNjg4NDkzUDNXNk1EUlhWM0c0JndpZGdldE5hbWU9c3BfYXRmJmFjdGlvbj1jbGlja1JlZGlyZWN0JmRvTm90TG9nQ2xpY2s9dHJ1ZQ&th=1
https://smile.amazon.com/Filament-Apcvo-Printing-Materials-Dimensional/dp/B093PNSRMR/ref=sr_1_2_sspa?crid=1K4YO1XWC4H2S&keywords=pla&qid=1647478534&sprefix=pla%2Caps%2C220&sr=8-2-spons&spLa=ZW5jcnlwdGVkUXVhbGlmaWVyPUExR0xIU1lGQzdZSllZJmVuY3J5cHRlZElkPUEwNzE0NjAzTlFWTTlQVkxORDg2JmVuY3J5cHRlZEFkSWQ9QTAyNjg4NDkzUDNXNk1EUlhWM0c0JndpZGdldE5hbWU9c3BfYXRmJmFjdGlvbj1jbGlja1JlZGlyZWN0JmRvTm90TG9nQ2xpY2s9dHJ1ZQ&th=1
https://smile.amazon.com/Filament-Apcvo-Printing-Materials-Dimensional/dp/B093PNSRMR/ref=sr_1_2_sspa?crid=1K4YO1XWC4H2S&keywords=pla&qid=1647478534&sprefix=pla%2Caps%2C220&sr=8-2-spons&spLa=ZW5jcnlwdGVkUXVhbGlmaWVyPUExR0xIU1lGQzdZSllZJmVuY3J5cHRlZElkPUEwNzE0NjAzTlFWTTlQVkxORDg2JmVuY3J5cHRlZEFkSWQ9QTAyNjg4NDkzUDNXNk1EUlhWM0c0JndpZGdldE5hbWU9c3BfYXRmJmFjdGlvbj1jbGlja1JlZGlyZWN0JmRvTm90TG9nQ2xpY2s9dHJ1ZQ&th=1
https://smile.amazon.com/Filament-Apcvo-Printing-Materials-Dimensional/dp/B093PNSRMR/ref=sr_1_2_sspa?crid=1K4YO1XWC4H2S&keywords=pla&qid=1647478534&sprefix=pla%2Caps%2C220&sr=8-2-spons&spLa=ZW5jcnlwdGVkUXVhbGlmaWVyPUExR0xIU1lGQzdZSllZJmVuY3J5cHRlZElkPUEwNzE0NjAzTlFWTTlQVkxORDg2JmVuY3J5cHRlZEFkSWQ9QTAyNjg4NDkzUDNXNk1EUlhWM0c0JndpZGdldE5hbWU9c3BfYXRmJmFjdGlvbj1jbGlja1JlZGlyZWN0JmRvTm90TG9nQ2xpY2s9dHJ1ZQ&th=1
https://smile.amazon.com/Filament-Apcvo-Printing-Materials-Dimensional/dp/B093PNSRMR/ref=sr_1_2_sspa?crid=1K4YO1XWC4H2S&keywords=pla&qid=1647478534&sprefix=pla%2Caps%2C220&sr=8-2-spons&spLa=ZW5jcnlwdGVkUXVhbGlmaWVyPUExR0xIU1lGQzdZSllZJmVuY3J5cHRlZElkPUEwNzE0NjAzTlFWTTlQVkxORDg2JmVuY3J5cHRlZEFkSWQ9QTAyNjg4NDkzUDNXNk1EUlhWM0c0JndpZGdldE5hbWU9c3BfYXRmJmFjdGlvbj1jbGlja1JlZGlyZWN0JmRvTm90TG9nQ2xpY2s9dHJ1ZQ&th=1


[34] Alliance. Alliance Rubber 24625 Sterling Rubber Bands Size #62, 1 lb Box Contains
Approx. 600 Bands (2 1/2" x 1/4", Natural Crepe) , Beige. Retrieved from
https://www.amazon.com/Alliance-24625-Sterling-Contains-Approx/dp/B001CY0HLA/ref
=asc_df_B001CY0HLA/?tag=hyprod-20&linkCode=df0&hvadid=167126942869&hvpos=
&hvnetw=g&hvrand=12514149963199921638&hvpone=&hvptwo=&hvqmt=&hvdev=c&h
vdvcmdl=&hvlocint=&hvlocphy=9016852&hvtargid=pla-272762389906&psc=1

[35] AliExpress. Balle en caoutchouc élastique pour enfants, jouet mixte coloré, 2
pièces/ensemble. Retrieved from
https://www.aliexpress.com/item/32993941792.html?spm=a2g0o.search0302.0.0.535cb
5367mEIAp&algo_pvid=2a6c4dda-3f55-49d3-84a3-eda429693ad9&algo_exp_id=2a6c4
dda-3f55-49d3-84a3-eda429693ad9-7

[36] McMASTER-CARR. 18-8 Stainless Steel Phillips Rounded Head Thread-Forming Screws
for Plastic. Retrieved from
https://www.mcmaster.com/self-tapping-screws/screw-size~no-4/tip-type~blunt/for-use-in
~plastic/18-8-stainless-steel-phillips-rounded-head-thread-forming-screws-for-plastic/

[37] M. F. Ashby & D. R. H. Jones. (2012). Engineering Materials 1.
http://mirlyn.lib.umich.edu/Record/011664829

[38] Officesupply.com.Universal Rubber Bands, Size 30, 0.04" Gauge, Beige, 1 lb Box,
1,100/Pack. Retrieved from
https://www.officesupply.com/school-supplies/classroom-resources/classroom-supplies/c
lips-fasteners/rubber-bands/universal-rubber-bands-size-gauge-beige-pack/p47591.html
?ref=pla&utm_source=google&utm_medium=cpc&adpos=&scid=scplp47591&sc_intid=4
7591&gclid=CjwKCAjwlcaRBhBYEiwAK341jeELQtDDOQDx6sTmtrKAAfvacDoNe4Y9xb
Gnpf6VKiWFOVhjTu43ihoCBDgQAvD_BwE

[39] Amazon. Rope Ratchet 3/16", 50 ft Solid Braided Polypropylene Rope, Heavy Duty, All
Purpose, Utility Cord Tie Down Rope for Camping, Tie, Pull, and Knot, Indoor and
Outdoor Use - Black. Retrieved from
https://www.amazon.com/Rope-Ratchet-Solid-Polyester-Lengths/dp/B07YGSW1KF/ref=
sr_1_10?gclid=CjwKCAjwlcaRBhBYEiwAK341jY-dbqS7yU0ii-I0ZmEcUotUWzZQKoZKN
kUsIOXQRB4885I9NkGSRRoCjUYQAvD_BwE&hvadid=178129339579&hvdev=c&hvloc
phy=9016852&hvnetw=g&hvqmt=e&hvrand=8042627397973335823&hvtargid=kwd-150
753881825&hydadcr=9654_9895459&keywords=3%2F16%2Bparacord&qid=16474802
76&sr=8-10&th=1

[40] Boothroyd, P. Dewhurst, W. Knight. (2011). Product Design for Manufacturing and
Assembly, 3rd ed., CRC Press, ISBN: 978-1-4200-8927-1.

[41] McMASTER-CARR. Alloy Steel Cup-Point Set Screws. Retrieved from
https://www.mcmaster.com/set-screws/cup-point-set-screws/alloy-steel-cup-point-set-scr
ews-10/

[42] 3M. 3M Microfoam Surgical Tape 1528-4, 4 inch x 5 1/2 yard (10cm x 5m) Stretched, 3
Rolls/Box. Retrieved from
https://www.amazon.com/3M-1528-4-Microfoam-Tape-Pack/dp/B00KHVW4W4/ref=asc_
df_B00KHVW4W4/?tag=hyprod-20&linkCode=df0&hvadid=167137526383&hvpos=&hvn
etw=g&hvrand=9029358453733885669&hvpone=&hvptwo=&hvqmt=&hvdev=c&hvdvcm
dl=&hvlocint=&hvlocphy=9060451&hvtargid=pla-310632555800&th=1

54

https://www.amazon.com/Alliance-24625-Sterling-Contains-Approx/dp/B001CY0HLA/ref=asc_df_B001CY0HLA/?tag=hyprod-20&linkCode=df0&hvadid=167126942869&hvpos=&hvnetw=g&hvrand=12514149963199921638&hvpone=&hvptwo=&hvqmt=&hvdev=c&hvdvcmdl=&hvlocint=&hvlocphy=9016852&hvtargid=pla-272762389906&psc=1
https://www.amazon.com/Alliance-24625-Sterling-Contains-Approx/dp/B001CY0HLA/ref=asc_df_B001CY0HLA/?tag=hyprod-20&linkCode=df0&hvadid=167126942869&hvpos=&hvnetw=g&hvrand=12514149963199921638&hvpone=&hvptwo=&hvqmt=&hvdev=c&hvdvcmdl=&hvlocint=&hvlocphy=9016852&hvtargid=pla-272762389906&psc=1
https://www.amazon.com/Alliance-24625-Sterling-Contains-Approx/dp/B001CY0HLA/ref=asc_df_B001CY0HLA/?tag=hyprod-20&linkCode=df0&hvadid=167126942869&hvpos=&hvnetw=g&hvrand=12514149963199921638&hvpone=&hvptwo=&hvqmt=&hvdev=c&hvdvcmdl=&hvlocint=&hvlocphy=9016852&hvtargid=pla-272762389906&psc=1
https://www.amazon.com/Alliance-24625-Sterling-Contains-Approx/dp/B001CY0HLA/ref=asc_df_B001CY0HLA/?tag=hyprod-20&linkCode=df0&hvadid=167126942869&hvpos=&hvnetw=g&hvrand=12514149963199921638&hvpone=&hvptwo=&hvqmt=&hvdev=c&hvdvcmdl=&hvlocint=&hvlocphy=9016852&hvtargid=pla-272762389906&psc=1
https://www.aliexpress.com/item/32993941792.html?spm=a2g0o.search0302.0.0.535cb5367mEIAp&algo_pvid=2a6c4dda-3f55-49d3-84a3-eda429693ad9&algo_exp_id=2a6c4dda-3f55-49d3-84a3-eda429693ad9-7
https://www.aliexpress.com/item/32993941792.html?spm=a2g0o.search0302.0.0.535cb5367mEIAp&algo_pvid=2a6c4dda-3f55-49d3-84a3-eda429693ad9&algo_exp_id=2a6c4dda-3f55-49d3-84a3-eda429693ad9-7
https://www.aliexpress.com/item/32993941792.html?spm=a2g0o.search0302.0.0.535cb5367mEIAp&algo_pvid=2a6c4dda-3f55-49d3-84a3-eda429693ad9&algo_exp_id=2a6c4dda-3f55-49d3-84a3-eda429693ad9-7
https://www.mcmaster.com/self-tapping-screws/screw-size~no-4/tip-type~blunt/for-use-in~plastic/18-8-stainless-steel-phillips-rounded-head-thread-forming-screws-for-plastic/
https://www.mcmaster.com/self-tapping-screws/screw-size~no-4/tip-type~blunt/for-use-in~plastic/18-8-stainless-steel-phillips-rounded-head-thread-forming-screws-for-plastic/
http://mirlyn.lib.umich.edu/Record/011664829
https://www.officesupply.com/school-supplies/classroom-resources/classroom-supplies/clips-fasteners/rubber-bands/universal-rubber-bands-size-gauge-beige-pack/p47591.html?ref=pla&utm_source=google&utm_medium=cpc&adpos=&scid=scplp47591&sc_intid=47591&gclid=CjwKCAjwlcaRBhBYEiwAK341jeELQtDDOQDx6sTmtrKAAfvacDoNe4Y9xbGnpf6VKiWFOVhjTu43ihoCBDgQAvD_BwE
https://www.officesupply.com/school-supplies/classroom-resources/classroom-supplies/clips-fasteners/rubber-bands/universal-rubber-bands-size-gauge-beige-pack/p47591.html?ref=pla&utm_source=google&utm_medium=cpc&adpos=&scid=scplp47591&sc_intid=47591&gclid=CjwKCAjwlcaRBhBYEiwAK341jeELQtDDOQDx6sTmtrKAAfvacDoNe4Y9xbGnpf6VKiWFOVhjTu43ihoCBDgQAvD_BwE
https://www.officesupply.com/school-supplies/classroom-resources/classroom-supplies/clips-fasteners/rubber-bands/universal-rubber-bands-size-gauge-beige-pack/p47591.html?ref=pla&utm_source=google&utm_medium=cpc&adpos=&scid=scplp47591&sc_intid=47591&gclid=CjwKCAjwlcaRBhBYEiwAK341jeELQtDDOQDx6sTmtrKAAfvacDoNe4Y9xbGnpf6VKiWFOVhjTu43ihoCBDgQAvD_BwE
https://www.officesupply.com/school-supplies/classroom-resources/classroom-supplies/clips-fasteners/rubber-bands/universal-rubber-bands-size-gauge-beige-pack/p47591.html?ref=pla&utm_source=google&utm_medium=cpc&adpos=&scid=scplp47591&sc_intid=47591&gclid=CjwKCAjwlcaRBhBYEiwAK341jeELQtDDOQDx6sTmtrKAAfvacDoNe4Y9xbGnpf6VKiWFOVhjTu43ihoCBDgQAvD_BwE
https://www.officesupply.com/school-supplies/classroom-resources/classroom-supplies/clips-fasteners/rubber-bands/universal-rubber-bands-size-gauge-beige-pack/p47591.html?ref=pla&utm_source=google&utm_medium=cpc&adpos=&scid=scplp47591&sc_intid=47591&gclid=CjwKCAjwlcaRBhBYEiwAK341jeELQtDDOQDx6sTmtrKAAfvacDoNe4Y9xbGnpf6VKiWFOVhjTu43ihoCBDgQAvD_BwE
https://www.amazon.com/Rope-Ratchet-Solid-Polyester-Lengths/dp/B07YGSW1KF/ref=sr_1_10?gclid=CjwKCAjwlcaRBhBYEiwAK341jY-dbqS7yU0ii-I0ZmEcUotUWzZQKoZKNkUsIOXQRB4885I9NkGSRRoCjUYQAvD_BwE&hvadid=178129339579&hvdev=c&hvlocphy=9016852&hvnetw=g&hvqmt=e&hvrand=8042627397973335823&hvtargid=kwd-150753881825&hydadcr=9654_9895459&keywords=3%2F16%2Bparacord&qid=1647480276&sr=8-10&th=1
https://www.amazon.com/Rope-Ratchet-Solid-Polyester-Lengths/dp/B07YGSW1KF/ref=sr_1_10?gclid=CjwKCAjwlcaRBhBYEiwAK341jY-dbqS7yU0ii-I0ZmEcUotUWzZQKoZKNkUsIOXQRB4885I9NkGSRRoCjUYQAvD_BwE&hvadid=178129339579&hvdev=c&hvlocphy=9016852&hvnetw=g&hvqmt=e&hvrand=8042627397973335823&hvtargid=kwd-150753881825&hydadcr=9654_9895459&keywords=3%2F16%2Bparacord&qid=1647480276&sr=8-10&th=1
https://www.amazon.com/Rope-Ratchet-Solid-Polyester-Lengths/dp/B07YGSW1KF/ref=sr_1_10?gclid=CjwKCAjwlcaRBhBYEiwAK341jY-dbqS7yU0ii-I0ZmEcUotUWzZQKoZKNkUsIOXQRB4885I9NkGSRRoCjUYQAvD_BwE&hvadid=178129339579&hvdev=c&hvlocphy=9016852&hvnetw=g&hvqmt=e&hvrand=8042627397973335823&hvtargid=kwd-150753881825&hydadcr=9654_9895459&keywords=3%2F16%2Bparacord&qid=1647480276&sr=8-10&th=1
https://www.amazon.com/Rope-Ratchet-Solid-Polyester-Lengths/dp/B07YGSW1KF/ref=sr_1_10?gclid=CjwKCAjwlcaRBhBYEiwAK341jY-dbqS7yU0ii-I0ZmEcUotUWzZQKoZKNkUsIOXQRB4885I9NkGSRRoCjUYQAvD_BwE&hvadid=178129339579&hvdev=c&hvlocphy=9016852&hvnetw=g&hvqmt=e&hvrand=8042627397973335823&hvtargid=kwd-150753881825&hydadcr=9654_9895459&keywords=3%2F16%2Bparacord&qid=1647480276&sr=8-10&th=1
https://www.amazon.com/Rope-Ratchet-Solid-Polyester-Lengths/dp/B07YGSW1KF/ref=sr_1_10?gclid=CjwKCAjwlcaRBhBYEiwAK341jY-dbqS7yU0ii-I0ZmEcUotUWzZQKoZKNkUsIOXQRB4885I9NkGSRRoCjUYQAvD_BwE&hvadid=178129339579&hvdev=c&hvlocphy=9016852&hvnetw=g&hvqmt=e&hvrand=8042627397973335823&hvtargid=kwd-150753881825&hydadcr=9654_9895459&keywords=3%2F16%2Bparacord&qid=1647480276&sr=8-10&th=1
https://www.amazon.com/Rope-Ratchet-Solid-Polyester-Lengths/dp/B07YGSW1KF/ref=sr_1_10?gclid=CjwKCAjwlcaRBhBYEiwAK341jY-dbqS7yU0ii-I0ZmEcUotUWzZQKoZKNkUsIOXQRB4885I9NkGSRRoCjUYQAvD_BwE&hvadid=178129339579&hvdev=c&hvlocphy=9016852&hvnetw=g&hvqmt=e&hvrand=8042627397973335823&hvtargid=kwd-150753881825&hydadcr=9654_9895459&keywords=3%2F16%2Bparacord&qid=1647480276&sr=8-10&th=1
https://www.mcmaster.com/set-screws/cup-point-set-screws/alloy-steel-cup-point-set-screws-10/
https://www.mcmaster.com/set-screws/cup-point-set-screws/alloy-steel-cup-point-set-screws-10/
https://www.amazon.com/3M-1528-4-Microfoam-Tape-Pack/dp/B00KHVW4W4/ref=asc_df_B00KHVW4W4/?tag=hyprod-20&linkCode=df0&hvadid=167137526383&hvpos=&hvnetw=g&hvrand=9029358453733885669&hvpone=&hvptwo=&hvqmt=&hvdev=c&hvdvcmdl=&hvlocint=&hvlocphy=9060451&hvtargid=pla-310632555800&th=1
https://www.amazon.com/3M-1528-4-Microfoam-Tape-Pack/dp/B00KHVW4W4/ref=asc_df_B00KHVW4W4/?tag=hyprod-20&linkCode=df0&hvadid=167137526383&hvpos=&hvnetw=g&hvrand=9029358453733885669&hvpone=&hvptwo=&hvqmt=&hvdev=c&hvdvcmdl=&hvlocint=&hvlocphy=9060451&hvtargid=pla-310632555800&th=1
https://www.amazon.com/3M-1528-4-Microfoam-Tape-Pack/dp/B00KHVW4W4/ref=asc_df_B00KHVW4W4/?tag=hyprod-20&linkCode=df0&hvadid=167137526383&hvpos=&hvnetw=g&hvrand=9029358453733885669&hvpone=&hvptwo=&hvqmt=&hvdev=c&hvdvcmdl=&hvlocint=&hvlocphy=9060451&hvtargid=pla-310632555800&th=1
https://www.amazon.com/3M-1528-4-Microfoam-Tape-Pack/dp/B00KHVW4W4/ref=asc_df_B00KHVW4W4/?tag=hyprod-20&linkCode=df0&hvadid=167137526383&hvpos=&hvnetw=g&hvrand=9029358453733885669&hvpone=&hvptwo=&hvqmt=&hvdev=c&hvdvcmdl=&hvlocint=&hvlocphy=9060451&hvtargid=pla-310632555800&th=1


[43] Yokoshiki, S., Maeda, M., &amp; Saijo, Y. (2017). High resolution facial skin imaging with
three-dimensional ultrasound microscope. Proceedings of Meetings on Acoustics.
https://doi.org/10.1121/2.0000748

[44] Tsukitome, H., Hatsukawa, Y., Morimitsu, T., Yagasaki, T., & Kondo, M. (2014). Changes in
angle of optic nerve and angle of ocular orbit with increasing age in Japanese children.
British Journal of Ophthalmology, 99(2), 263–266.
https://doi.org/10.1136/bjophthalmol-2014-305236

[45] Ultimate Guide to silicone molding for 3D printing (part 2): MakerBot 3D printers. MakerBot.
(n.d.). Retrieved March 25, 2022, from
https://www.makerbot.com/professional/post-processing/silicone-molding-2/

[46] MatWeb - The Online Materials Information Resource. (n.d.). Www.matweb.com.
https://www.matweb.com/search/DataSheet.aspx?MatGUID=ab96a4c0655c4018a8785a
c4031b9278&ckck=1

 [47] Amazon.com: Pawfly 20 Pack Clear Suction Cups 1.8 Inch PVC Plastic Sucker Without
Hooks for Home Decoration and Organization : Home & Kitchen. (n.d.).
Www.amazon.com. Retrieved March 31, 2022, from
https://www.amazon.com/Pawfly-Suction-Plastic-Decoration-Organization/dp/B08GLF7Z
ZW/ref=sr_1_4?keywords=suction+cups&qid=1648669726&sr=8-4

[48] VELCRO® Brand Adhesive Backed Hook and Loop Fasteners. (n.d.).
Www.hookandloop.com. Retrieved March 31, 2022, from
https://www.hookandloop.com/hook-and-loop-brands/velcro/velcro-brand-adhesive-back
ed-hook-and-loop-fasteners

[49] Amazon.com: HF-200 Digital Push Pull Gauge Force Gauge HF-200N : Industrial &
Scientific. (n.d.). Www.amazon.com. Retrieved March 31, 2022, from
https://www.amazon.com/HF-200-Digital-Gauge-Force-HF-200N/dp/B00L5UERMG/ref=
pd_ybh_a_1/138-6992751-6104460?pd_rd_w=Hw3Tj&pf_rd_p=48b4f440-2099-4e34-af
eb-210417d3bf51&pf_rd_r=Z6SHMPG3T7NJ8MQFFF9M&pd_rd_r=005e7f81-c474-419
4-887b-5823e3f12639&pd_rd_wg=vya9K&pd_rd_i=B00L5UERMG&psc=1

 [50] Amazon.com: Smooth-On - Dragon Skin FX Pro Trial Size Special Effects Silicone Rubber.
(n. d.). Www.amazon.com. Retrieved March 31, 2022 from
https://www.amazon.com/Smooth-Dragon-Special-Effects-Silicone/dp/B00ATEAMXW/ref
=sr_1_2?crid=2ZOE5VBXPNVWS&keywords=dragon+skin+fx-pro&qid=1648696992&sp
refix=%2Caps%2C52&sr=8-2

[51] Amazon.com: Mann Release Technologies Ease Release 200 14 fl. Oz. (n. d.).
Www.amazon.com. Retrieved March 31, 2022 from
https://www.amazon.com/gp/product/B002YEBO1O/ref=ox_sc_act_title_2?smid=ACD40
13XBS5C9&psc=1

[52] Ranelle.com: Glaucoma (n. d.). Www.ranelle.com. Retrieved April 3, 2022 from
https://www.ranelle.com/adult-ophthalmology/glaucoma/

[53] McMASTER-CARR: Compression Springs 39mm Long. Retrieved March 31, 2022 from
https://www.mcmaster.com/94125K839/

[54] Amazon.com: 1/8-Inch (3mm) Black Heavy Stretch Round String Elastic Cord (Cut of 10
Yards). Retrieved from
https://www.amazon.com/Usew-8-Inch-Stretch-String-Elastic/dp/B00Z642JM2/ref=asc_d

55

https://doi.org/10.1121/2.0000748
https://www.makerbot.com/professional/post-processing/silicone-molding-2/
https://www.matweb.com/search/DataSheet.aspx?MatGUID=ab96a4c0655c4018a8785ac4031b9278&ckck=1
https://www.matweb.com/search/DataSheet.aspx?MatGUID=ab96a4c0655c4018a8785ac4031b9278&ckck=1
https://www.amazon.com/Pawfly-Suction-Plastic-Decoration-Organization/dp/B08GLF7ZZW/ref=sr_1_4?keywords=suction+cups&qid=1648669726&sr=8-4
https://www.amazon.com/Pawfly-Suction-Plastic-Decoration-Organization/dp/B08GLF7ZZW/ref=sr_1_4?keywords=suction+cups&qid=1648669726&sr=8-4
https://www.hookandloop.com/hook-and-loop-brands/velcro/velcro-brand-adhesive-backed-hook-and-loop-fasteners
https://www.hookandloop.com/hook-and-loop-brands/velcro/velcro-brand-adhesive-backed-hook-and-loop-fasteners
https://www.amazon.com/HF-200-Digital-Gauge-Force-HF-200N/dp/B00L5UERMG/ref=pd_ybh_a_1/138-6992751-6104460?pd_rd_w=Hw3Tj&pf_rd_p=48b4f440-2099-4e34-afeb-210417d3bf51&pf_rd_r=Z6SHMPG3T7NJ8MQFFF9M&pd_rd_r=005e7f81-c474-4194-887b-5823e3f12639&pd_rd_wg=vya9K&pd_rd_i=B00L5UERMG&psc=1
https://www.amazon.com/HF-200-Digital-Gauge-Force-HF-200N/dp/B00L5UERMG/ref=pd_ybh_a_1/138-6992751-6104460?pd_rd_w=Hw3Tj&pf_rd_p=48b4f440-2099-4e34-afeb-210417d3bf51&pf_rd_r=Z6SHMPG3T7NJ8MQFFF9M&pd_rd_r=005e7f81-c474-4194-887b-5823e3f12639&pd_rd_wg=vya9K&pd_rd_i=B00L5UERMG&psc=1
https://www.amazon.com/HF-200-Digital-Gauge-Force-HF-200N/dp/B00L5UERMG/ref=pd_ybh_a_1/138-6992751-6104460?pd_rd_w=Hw3Tj&pf_rd_p=48b4f440-2099-4e34-afeb-210417d3bf51&pf_rd_r=Z6SHMPG3T7NJ8MQFFF9M&pd_rd_r=005e7f81-c474-4194-887b-5823e3f12639&pd_rd_wg=vya9K&pd_rd_i=B00L5UERMG&psc=1
https://www.amazon.com/HF-200-Digital-Gauge-Force-HF-200N/dp/B00L5UERMG/ref=pd_ybh_a_1/138-6992751-6104460?pd_rd_w=Hw3Tj&pf_rd_p=48b4f440-2099-4e34-afeb-210417d3bf51&pf_rd_r=Z6SHMPG3T7NJ8MQFFF9M&pd_rd_r=005e7f81-c474-4194-887b-5823e3f12639&pd_rd_wg=vya9K&pd_rd_i=B00L5UERMG&psc=1
https://www.amazon.com/Smooth-Dragon-Special-Effects-Silicone/dp/B00ATEAMXW/ref=sr_1_2?crid=2ZOE5VBXPNVWS&keywords=dragon+skin+fx-pro&qid=1648696992&sprefix=%2Caps%2C52&sr=8-2
https://www.amazon.com/Smooth-Dragon-Special-Effects-Silicone/dp/B00ATEAMXW/ref=sr_1_2?crid=2ZOE5VBXPNVWS&keywords=dragon+skin+fx-pro&qid=1648696992&sprefix=%2Caps%2C52&sr=8-2
https://www.amazon.com/Smooth-Dragon-Special-Effects-Silicone/dp/B00ATEAMXW/ref=sr_1_2?crid=2ZOE5VBXPNVWS&keywords=dragon+skin+fx-pro&qid=1648696992&sprefix=%2Caps%2C52&sr=8-2
https://www.amazon.com/gp/product/B002YEBO1O/ref=ox_sc_act_title_2?smid=ACD4013XBS5C9&psc=1
https://www.amazon.com/gp/product/B002YEBO1O/ref=ox_sc_act_title_2?smid=ACD4013XBS5C9&psc=1
https://www.ranelle.com/adult-ophthalmology/glaucoma/
https://www.mcmaster.com/94125K839/
https://www.amazon.com/Usew-8-Inch-Stretch-String-Elastic/dp/B00Z642JM2/ref=asc_df_B00Z642JM2/?tag=hyprod-20&linkCode=df0&hvadid=198055440908&hvpos=&hvnetw=g&hvrand=15122422267340493023&hvpone=&hvptwo=&hvqmt=&hvdev=c&hvdvcmdl=&hvlocint=&hvlocphy=9016852&hvtargid=pla-351143393497&psc=1


f_B00Z642JM2/?tag=hyprod-20&linkCode=df0&hvadid=198055440908&hvpos=&hvnetw
=g&hvrand=15122422267340493023&hvpone=&hvptwo=&hvqmt=&hvdev=c&hvdvcmdl
=&hvlocint=&hvlocphy=9016852&hvtargid=pla-351143393497&psc=1

[55] McMASTER-CARR: Thread-On Feet. Retrieved April 22, 2022 from
https://www.mcmaster.com/53535A11/

56

https://www.amazon.com/Usew-8-Inch-Stretch-String-Elastic/dp/B00Z642JM2/ref=asc_df_B00Z642JM2/?tag=hyprod-20&linkCode=df0&hvadid=198055440908&hvpos=&hvnetw=g&hvrand=15122422267340493023&hvpone=&hvptwo=&hvqmt=&hvdev=c&hvdvcmdl=&hvlocint=&hvlocphy=9016852&hvtargid=pla-351143393497&psc=1
https://www.amazon.com/Usew-8-Inch-Stretch-String-Elastic/dp/B00Z642JM2/ref=asc_df_B00Z642JM2/?tag=hyprod-20&linkCode=df0&hvadid=198055440908&hvpos=&hvnetw=g&hvrand=15122422267340493023&hvpone=&hvptwo=&hvqmt=&hvdev=c&hvdvcmdl=&hvlocint=&hvlocphy=9016852&hvtargid=pla-351143393497&psc=1
https://www.amazon.com/Usew-8-Inch-Stretch-String-Elastic/dp/B00Z642JM2/ref=asc_df_B00Z642JM2/?tag=hyprod-20&linkCode=df0&hvadid=198055440908&hvpos=&hvnetw=g&hvrand=15122422267340493023&hvpone=&hvptwo=&hvqmt=&hvdev=c&hvdvcmdl=&hvlocint=&hvlocphy=9016852&hvtargid=pla-351143393497&psc=1


Appendix A
Complete Morphological Matrices for Each Design

Table A1: Complete morphological matrix for the lateral canthotomy simulator

Subsystems Solutions

Eyeball Ping pong ball Rubber
ball

3D Print Hard-Boiled Egg

Skin (reusable) 3-D Printed
Material

Tape Injection
molding

3-D Printed
Material (precut)

Skin
(consumable)

Foam tape Gauze Paper
napkin

Cloth

LCT Rubber band String Cloth Paper napkin

Connect LCT
to base

3D-printed
hooks

Screws Clips Staples Tacks

Connect Skin
to base

Friction Snaps Velcro (Can
make

drawing if
need be)

Tape

IOP Spring Magnet Rubber
band

Lever

57



Connect base
to table

Suction Cups Screws Velcro
(Can make
drawing if
need be)

Clip Tape

Table A2: Complete morphological matrix for the enucleation simulator

Subsystems Solutions

Eyeball 3D
printed

open end
hook

3D printed
close end

hook

Rubber ball Ping pong
ball

Skin
(reusable)

3-D
Printed
Material

Injection
molding

Optic nerve Rope Hot glue
stick

Pencil/woo
den dowel

Eraser
rope

Rubber Plastic
tubing

Muscle Rubber
bands

String Paper
napkin

Tape

Connect
Optic Nerve

Set
Screw

Tie around
opening

Glue Lock into
base

Tie end of nerve
under base
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to Base

Connect
muscles to

Base

3D
printed
hook
(open
end)

3D printed
hook(close

end)

Nail Clip Screw

Connect
base to table

Suction
Cups

Screws Velcro Clip Tape
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Appendix B
Complete Pugh Charts for Both Designs

Table B1: Complete Pugh chart for the lateral canthotomy simulator

Requirement Weight Design 1 Design 2 Design 3

Able to simulate
cutting skin

3 0 0 -1

Able to simulate
cutting LCT

3 0 0 0

Able to simulate
IOP

3 0 0 0

Easy to Reset 3 0 0 +1

Reusable 3 0 0 0

Consistent in
user experience

3 0 0 0

Ability to reflect
success

2 0 0 0

Base doesn’t
move

2 0

Portable 2 0 0 0

Durable 1 0 +1 +1

Helpful in
learning surgical
techniques

1 0 0 -1

Total 0 1 0

Table B2: Complete Pugh chart for the enucleation simulator

Requirement Weight Design 1 Design 2 Design 3

Able to simulate
optic nerve

3 0 -1 0

Able to simulate
muscles

2 0 -1 +1
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Inexpensive 2 0 0 0

Easy to reset 1 0 +1 +1

Reusable 3 0 0 0

Consistent in user
experience

3 0 -1 0

Ability to reflect
success

2 0 +1 0

Base doesn’t move 2 0

Portable 1 0 0 -1

Durable 1 0 0 -1

Helpful in learning
surgical techniques

1 0 0 0

Total 0 -5 1
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Appendix C
Dimensioned Engineering Drawings

Figure C1: Dimensioned drawings of the lateral canthotomy base. This base is
approximately 110x70x60mm, with the center of the orbit located 25.21mm from the top
plane.

Figure C2: Dimensioned drawing of the face side of the skin mold.
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Figure C3: Dimensioned drawing of the skull side of the skin mold.

Figure C4: Dimensioned drawing of the 3D-printed base for the enucleation design
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Figure C5: Dimensioned drawing of the 3D-printed eye for enucleation.
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Appendix D
Assembly plan

Figure D1: Shown is the assembly plan for the reusable system in canthotomy
simulator. First, the 3D printed canthotomy base is placed on a flat surface. Next, the
compression springs are stuck to the orbit bottom by super glue. The spring should be
concentric with the orbit. After that, the screws are inserted into the holes. Then, the
hemisphere rubber balls are stuck to the springs by super glue. Finally, the thread-on feet
are inserted in holes at the bottom surface.
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Figure D2: Shown is the assembly plan for the enucleation simulator. First, the
3D-printed base is placed on a flat surface and the four rubber feet are attached. Next,
screws are inserted into the medial orbital holes. After that, the 3D printed eyes are
placed in the orbit.The elastic rope is threaded through the other three orbital holes and
tied to the 3D-printed eye. The polypropylene rope is then threaded through the bottom of
the base and 3D printed eye, tying a knot at the end afterwards to prevent the rope from
slipping back through the eye. The set screws are then inserted to hold the rope in place.
Finally, a rubber band is attached to the medial screw and medial hook on the eye,
representing the medial rectus muscle.
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Appendix E
Bill of Materials

Table E1: Canthotomy Bill of Materials

Part Description Quantity Price

PLA 3D-printing material
for the base and mold
for the skin

~300g ~$20 per kg [33]

Size #82 Rubber
Bands

½”-thick rubber
bands to simulate the
lateral canthal tendon

2 rubber bands per
simulation

~$8 per pack of 600
[34]

25 mm Rubber Ball Simulates eye 1 ball per simulator
(½ ball per eye)

$1 per pack of 2 [35]

1” #4 18-8 Stainless
Steel Phillips
Rounded Head
Thread-Forming
Screws for Plastic

Screws used to
attach rubber bands

3 screws per
simulator

$8.50 per pack of 25
[36]

3M Microfoam
Surgical Tape

Used to simulate
consumable skin

25 mm2 per
simulation

$24 per box of 3 rolls
(5000 mm2 per roll)
[42]

Spring Used to simulate the
intraocular pressure

2 per simulator $13.28 per pack of 5
[53]

Dragon Skin FX-Pro
silicone

Molded reusable skin 1 per simulator $35 for 1 pint of
silicon [50]

Mann Release
Technologies Ease
Release 200

Releasing agent for
molding silicon

1 per simulator $22 for 1 14 fl. Oz.
can [51]

Thread-On Feet Attaching the base to
table

4 per simulator $9.67 per pack of 10
[55]

Table E2: Enucleation Bill of Materials

Part Description Quantity Price

PLA 3D-printing material
for the base, eye, and
mold for the skin

~300g ~$20 per kg [33]

Size #62 Rubber
Bands

¼” thick rubber bands
to simulate the

1 rubber band per
simulation

$5 per pack of 100
[38]
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medial rectus muscle

3/16”-Diameter
Polypropylene Rope

Used to simulate
optic nerve

~2” per simulation $8 per 50’ spool [39]

1” #4 18-8 Stainless
Steel Phillips
Rounded Head
Thread-Forming
Screws for Plastic

Used to hold optic
nerve in place in the
base, as well as
attach medial rectus
muscle to base

4 per simulator $8.50 per pack of 25
[36]

3mm-Diameter
Elastic Cord

Used to simulate the
rectus muscles

~6” of rope per
simulator

$5 per 10-yard spool
[

Dragon Skin FX-Pro
silicone

Molded reusable skin 1 per simulator $35 for 1 pint of
silicon [50]

Mann Release
Technologies Ease
Release 200

Releasing agent for
molding silicon

1 per simulator $22 for 1 14 fl. Oz.
can [51]

Thread-On Feet Attaching the base to
table

4 per simulator $9.67 per pack of 10
[55]
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