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Abstract

For over 90% of individuals with hearing loss, hearing aids are the primary method of
treatment. Recent studies have shown that most hearing aids are not personalized properly to
patients, resulting in poor hearing outcomes. Poor training methods has been proposed as a

possible reason for these findings.

A training simulator was developed consisting of a mannequin head with flexible,
anatomically correct ears, and an optical tracking system for tracking the insertion of
diagnostic equipment into a 3D printed ear canal. The simulator provides an outlet for
trainees to practice their clinical procedures while receiving validated feedback, without the

need for an instructor.

Two validation studies with students and experts were completed. Experts found the
simulator to provide an improved educational experience, while students who used the
simulator found increased skill development. Further steps are currently being taken to

incorporate this validated simulator into training programs in the field.

Keywords

Education, hearing aids, hearing aid fitting, probe tube, medical simulation, 3D printing, face

and content validity, transfer validity.
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Chapter 1

1 Introduction

Hearing loss is a major worldwide issue recently recognized as a priority area by the
World Health Organization (WHO) (1-3). While hearing loss is an extremely disruptive
disease on its own, high-reaching implications from hearing loss include social isolation,
decreased intellectual functioning and high risk of dementia (4-11). In Canada,
approximately 25% of individuals have some degree of hearing loss, with 5% being deaf
or hard of hearing — a number expected to increase with the growing population (12).
Hearing aids are the primary method of treatment for nearly 90% of all hearing loss cases
(13,14).

Hearing aid technology has progressed exponentially since its introduction in the 1960s,
and along with it, the methods used by clinicians to tailor the device to patients. The
clinician’s intricate “fitting” of the hearing aid is instrumental to the outcomes of
treatment. Unfortunately, the methods of training for hearing aid fitting remain the same
as with their initial introduction — procedures are still being practiced on classmates or
volunteers, in which trainees receive no standardized feedback and cannot provide
amplification due to safety concerns. This is particularly true with probe tube placement,
or the insertion of a thin-flexible probe into the patient’s ear canal to receive acoustical
measurements in which to base the fitting. Partially due to a lack of proper training

methods, hearing aids are often not properly fitted for patients in clinic (15-17).

Through the development and validation of a probe tube placement training simulator, we
hope to encourage the use of this training technology in pre-clinical scenarios. This will
help to ensure every clinician is operating within the proper standard of care, and in turn,
every patient is receiving quality care. This chapter provides a brief discussion of relevant

background material upon which this thesis work is based.



1.1  The Auditory System

The human auditory system can be explained in three main sections, each with their own
distinct purpose in the conduction of sound. As seen in Figure 1.1, the auditory system

consists of the outer ear, middle ear, and inner ear.

Outer Ear Middle Ear Inner Ear

Pinna

Ear Canal

< Tympanic
8 Membrane (TM)

Figure 1.1: Anatomical model of the human auditory system containing the outer ear,

middle ear, and inner ear (Image Courtesy of MED-EL GmbH).

111 The Outer Ear

The outer ear is the first part of the auditory system with which environmental sounds
interact. The outer ear consists of the pinna, ear canal, and tympanic membrane (TM).
Environmental sounds are captured by the pinna and funneled into the ear canal. The
shape of the ear canal amplifies frequencies responsible for key human functions —
speech and environmental sounds. Frequencies in the range of 1.5kHz to 7kHz are
amplified by a factor of approximately 10 to 15dB (18). A common graphic representing
this natural amplification of English sounds required in human audibility and speech is

the “Speech Banana” seen in Figure 1.2 (19). Frequencies and tones associated with the



center of the graph require less sound level (loudness) to be audible, while frequencies
towards the edges of the “Speech Banana” require a louder volume to become audible.
This natural amplification afforded by the ear canal is important to determine a patient’s
hearing ability and audibility, and for the fitting of hearing devices. Different syllables
and letters are responsible for different frequencies throughout this “Speech Banana”, and
significantly contribute to a patient’s speech intelligibility, or the degree to which the
acoustic signal is understood by the listener.

“THE SPEECH BANANA”
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Figure 1.2: The ‘Speech Banana’ indicating how different frequencies and English
sounds are amplified differently in the human outer ear. Typical hearing is seen within
the yellow area, with louder sounds and more hearing loss downwards on the graph

(Image Courtesy of ClearValue Hearing).



Once the sound has been funneled through the ear canal and the amplification through the
ear canal has occurred, the sound strikes the TM causing very small amplitude vibrations
corresponding to the frequency of the sound.

1.1.2 The Middle and Inner Ear

The main purpose of the middle ear is to conduct the vibration of the TM to the inner ear
through an impedance matching transformer. The middle ear contains a chain of three
bones that transfer the sounds into the inner ear: The malleus, incus, and stapes, seen in
Figure 1.3. The malleus is the first bone in the middle ear and is attached to the TM. The
malleus will vibrate with the vibrations of the TM and pass this vibration to the incus,
then the stapes, which is connected to the cochlea (inner ear). The middle ear’s bones are
arranged in such a way to convert this energy into sound signals and provide a natural
amplification across the entire frequency band via their orientation and sizes through a

hypothesized lever-arm mechanism (18).

Figure 1.3: The TM and three ossicles of the human middle ear — Incus, Malleus, and
Stapes — responsible for conducting sounds to the inner ear (Image Courtesy of MED-EL
GmbH).



Finally, the inner ear is responsible for sending the sound signals received from the outer
ear and middle ear to the brain for processing. The inner ear contains the semicircular
canals, vestibule, and most importantly the cochlea — the organ of hearing. The cochlea is
a spiral shaped, fluid filled labyrinth that receives vibrations from the middle ear bones.
When the stapes vibrates against the cochlea, waves are induced in the cochlea’s internal
fluid with a frequency corresponding to that of the original sound signal. Depending on
the frequency of these vibrations, different locations inside the cochlea will be stimulated
(Figure 1.4). Hair cells (sensory receptors) lining the basilar membrane inside the cochlea
will send a signal to the brain if activated at its specific, unique frequency. Hair cells are
aligned such that cells in the apex of the cochlea are activated by low frequencies, and
hair cells at the entrance (base) of the cochlea are activated by high frequencies. Once

sent to the brain, the auditory cortex processes the signals to what is heard as sound.

Unrolling of cochlea Basilar
membrana

Cachilear
bas&H

Basilar’
memhbrane

“Unrollad”
crchles

Figure 1.4: The cochlea (inner ear) and the method in which sound vibrates the basilar
membrane to conduct sound to the brain (Image Courtesy of Indiana University).



1.2 Hearing Loss

As previously mentioned, each section of the ear (outer, middle, inner) is responsible for
a different function in the conduction of sound. When hearing loss exists or occurs, it
corresponds to a malfunction in one of these sections. Hearing loss can be classified into
three main categories: Conductive hearing loss (CHL), sensorineural hearing loss
(SNHL), and mixed hearing loss (MHL). CHL refers to when sound is unable to pass
through the outer or middle ear. This may result from an ear infection in the ear canal or
middle ear, a non-functioning TM, clogging of the ear canal (due to wax or other
objects), or fluid in the middle ear space. SNHL refers to a problem in the nerve
pathways from the hair cells in the inner ear to the brain. This results from degradation of
the hair cells in an individual’s cochlea from the natural aging process, a traumatic
experience (i.e. a blow to the head, repetitive exposure to loud sounds, etc), or through
illnesses and drugs. SNHL is the most common type of permanent hearing loss, and can
range in its severity from a mild hearing loss to profound hearing loss. Finally, MHL
occurs when there is a sudden CHL while already possessing SNHL. Different classes of
hearing aids can be used to remedy most hearing loss issues, with approximately 90% of

hearing loss cases able to be corrected with hearing aids (13,14).

1.3 Hearing Aids

Hearing aids are amplification devices which are used for “correcting” a patient’s hearing
loss. Hearing aids are made to amplify specific frequencies that a patient can no longer
hear well, or in SNHL cases, whose hair cells now have a larger threshold of activation.
Hearing aids can be potentially damaging to patients if fitted improperly as they can
amplify sounds louder than needed. Only qualified individuals such as audiologists can
prescribe and fit hearing aids to patients.

Hearing aids have developed exponentially since their mainstream introduction in the
1960’s (20-22). While analog hearing aids with onboard circuits capable of real-time

amplification used to be the standard, they have been replaced with digital hearing aids,



performing all necessary signal processing through their digital signal processing (DSP)

chip. Henceforth, any mention of hearing aids will refer to digital hearing aids.

Figure 1.5 displays the wide range of hearing aid variations that are available. Years ago,
hearing aid selection was very limited in the styles that existed. A behind-the-ear (BTE)
hearing aid was one of the only aids which was prescribed to patients. These large, bulky
hearing aids are easily visible and were not available in smaller sizes. Currently, there are
dozens of different styles to pick from such as receiver-in-the-canal (RIC), or
Completely-in-the-Canal (CIC) hearing aids, which are more discreet. The appropriate
hearing aid is selected according to the severity of the hearing loss, while also

considering the patient’s lifestyle and preference.

Behind the Ultra Small Moxi Kiss ~ Completely in —— Full Shisll Half Shell
ear (BTE) BTE BTE the ear (CIC) and Canal

Figure 1.5: Examples of different styles of hearing aids currently available (Image
Courtesy of Lachlan A.N. Smith Audiologist).

In addition to the various hearing aid styles, each aid has varying levels of technological
features to improve hearing outcomes. Common features which must be programmed by
the clinician include adaptive noise reduction (gain reduction for speech enhancement,
transient noise reduction, and internal noise reduction), directional microphones, and
environmental classification. While not crucial to the work in this thesis, it is important to
note the added complexities which modern hearing aids now possess. Previous studies

have shown that the complexity of these digital hearing aids and associated fitting



technology may contribute to a lack of adherence to best practices, and a resulting
reduction in good patient outcomes (23-25). Each year, hearing aid manufacturers
provide new technology to improve hearing outcomes for patients, but most new features
add further complexities to the clinician’s fitting of the hearing aid. This fitting procedure

is critical for the success of the hearing aid.

1.3.1 The Prescription and Fitting of Hearing aids in Clinic

Once hearing aid candidacy is confirmed and initial discussions between the patient, their
family, and the clinician have taken place, the clinician will have their first fitting with
the patient. Fitting refers to the clinician’s personalization of the hearing aid for the
patient — ensuring the aid is properly tuned for the patient’s unique hearing loss. The
frequencies at which a hearing loss is present are amplified to a pre-determined
amplification target to fit the aid to the patient. The clinician will fit the hearing aid
according to the patient’s hearing loss as seen in the hearing aid fitting software. After
this initial “first-fit”, the clinician must verify that the sound being delivered to the TM is
meeting amplification standards outlined by governing audiology organizations (26-29).
This final check of amplification is called “hearing aid verification”. Hearing aid
verification utilizes real-ear measurements (discussed below) to ensure the listener’s
individual ear canal acoustics are taken into account in the fitting process. Recent studies
have shown that this verification is essential to hearing aid outcomes, and differences
between the first-fit outcomes and the verified amplifications can be greater than 10dB
(30,31) — a difference capable of severely affecting the speech intelligibility of the patient
(32). While the use of verification is part of best practice guidelines, numerous
organizations and individuals are working towards creating mandatory practice standards

to ensure all patients receive proper fittings (33).

1.4 Real-ear Measures & Probe Tube Placement

To verify the hearing aid, the clinician must measure the sounds that are being delivered
directly to the TM — referred to as the “real-ear”. These real-ear measurements are
required as studies have shown that acoustics delivered to the entrance of the ear canal

are not equal to the acoustics which reach and strike the TM (34,35). The only way to



ensure that the amplification targets are being met is to measure the sounds pressure level
at the TM, something that is not possible with simply a ‘first fit” correction with the
hearing aid software (25,34). The mechanism by which the clinician measures this real-
ear measurement is by placing a thin, flexible probe tube close to the TM, as seen in
Figure 1.6. This probe tube is connected to a microphone system responsible for
measuring the acoustics at the TM. It has been shown that the clinician must insert this

probe within 5mm of the TM for proper measurements (26,36-39).

Figure 1.6: Insertion of a probe tube into a human ear canal to take acoustical

measurements for the fitting of hearing aids (Image Courtesy of Audioscan).

141 Issues & Difficulties with Clinical Probe Tube Placement

Placing the probe to within 5mm of the TM is a difficult target to hit — particularly for
novice clinicians. Studies have shown that if the probe is farther than 5mm from the TM,
standing waves from sound reflectance with the TM will negatively affect the accuracy of
measurements (36,37,40,41). While the measurements increasingly improve with closer
placements to the TM, the risk of contacting the TM increases as well. Contacting the
TM with the probe tube causes an alarming sensation for the patient, and in pediatric
cases in particular, may result in an early appointment conclusion (42). Contact with the
TM can also lead to decreased confidence in the clinician — something that has been

shown to impact the patient’s hearing outcomes (43).
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The main tool which an audiologist or hearing instrument specialist can use to gauge their
probe microphone placement is an otoscope — a magnifying glass shaped to view into the
ear canal. The view which the clinician would see through the otoscope is seen in Figure
1.7. For a novice clinician, it is very difficult to estimate the distance of the probe tube to
the TM from this perspective.

A

Otoscope

Figure 1.7: The anatomical view of an otoscope observing the TM of a patient (A), and
the view seen through the otoscope directed at the TM (B) (Image Courtesy of OnHealth
& Chears Audiology).

Additionally, the clinician receives no feedback regarding the placement of the probe,
unless the clinician contacts the TM, causing a response by the patient. Avoiding contact
with the TM is a very important part of probe placement and is discouraged during the
training of clinicians. The only method to receive feedback on probe placement is

through an expert who verifies its location by using the same otoscope.

Another issue with probe tube placement is the varying anatomical differences that exist

across human ears. The human ear canal can vary in length, shape (s-shaped versus
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straight), and amount of cerumen/hair (44-46). Each probe tube placement is slightly

different, and the trainee must be comfortable encountering any situation in clinic.

It is important to note that if the probe is placed improperly in the ear, the results from
verification may be incorrect, and the fitting of the hearing aid and the patient’s success

with the hearing aid will suffer.

1.4.2 Pre-clinical Training Procedures

Students that are new to the field of audiology and patient care must be proficient in their
probe tube placement before entering a clinical scenario. To gain this experience and

expertise in probe tube placement, trainees practice their placements in a lab setting with
their classmates, volunteers, and instructors. While this way of training has been used for

years in audiology, there are several disadvantages.

First, this form of training provides no qualitative or quantitative feedback to the trainee
about whether or not they are performing the placement correctly. The only way to know
if the probe is placed properly is for an expert (the instructor/trainer or teaching assistant)
to look into the patient’s ear with an otoscope after the trainee has finished. This is
extremely impractical in a lab setting, and limits how often the trainee can receive
feedback.

Second, practice time for trainees is limited. Due to the nature of the procedure, the
trainee must have another person to act as the patient. This results in novice clinicians
only practicing the procedure with other students, or during their lab times. The need to
schedule this training time with another individual is restrictive, and even if students
practice in partners, there is no way to receive feedback. The only situation in which they
can practice with feedback is in a lab setting where they have a ‘patient’ to perform the

placement on, and an expert to evaluate whether it was done properly.

The last issue with current training methods is the limited anatomies which the trainee
receives exposure to. The human outer-ear has large inter-individual differences, and the
clinician must adjust their procedures accordingly. The length of the patient’s ear canal,

the shape of the ear canal, and the bends within, all vary considerably (44-46). For
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example, the same probe tube placement cannot be performed for an adult male with a
straight 32mm long canal and for a 5-year-old infant with an s-shaped 20mm long ear
canal. While training in an audiology program, the trainee does not gain exposure to a
wide collection of ear canals — typically they will gain plenty of experience with 20 — 30-
year-olds due to the demographic of the program. This issue arises again when
encountering extreme anatomical cases. For example, an exostosis is a bony growth
within an individual’s ear canal. If encountered by a novice clinician in a clinical
scenario, they may not know how to perform verification including real-ear measures
with probe tube placement. Even more severe, a patient with a mastoid cavity has their
ear canal ‘dug out’ and has a large space which was previously excavated for a previous
procedure. The small acceptable area of 5mm to place the probe is very difficult under
these circumstances, and appropriate modifications must be taken.

In conclusion, probe tube placement is a difficult procedure to effectively train clinicians
for and poor initial performance in placements may result. The main difficulties that are
present in clinical probe tube placement are also found in training settings and offer no
way for trainees to overcome these challenges. Through meetings with experts at Western
University (Canada), it was established that this difficulty increases as training program
sizes increase, and each trainee receives less time with the expert and less feedback on

their placements.

1.4.3 Probe Tube Placement Usage Rates in Clinic

Compliance rates for the use of probe-mic verification is very low in clinics, with studies
finding a usage rate of less than 50% (23,24,47). Numerous reasons for this lack of
compliance have been cited such as the complexity of modern hearing aids, uncertain
correlation with hearing aid satisfaction, cost of equipment, and poor training. With
reporting bias where clinicians over-estimate how often they are performing these
procedures, the usage rate is predicted to be even lower (34). Other studies have looked

to quantify the harmful effects that lack of verification may have on patients.

The low usage of probe-microphone equipment, and lack of proper training methods,
outline a need for a more validated and proficient method to train for clinical practice.
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1.5 Literature Review of Simulation in Hearing Healthcare

A solution within educational settings to increase skill in high-risk, difficult-to-teach
areas is simulation (48-54). First introduced in aviation, simulation offers a method to
recreate real-world situations in educational settings in an effort to gain experience and
skills before being placed into a high-risk (clinical) scenario. While real-world experience
is still necessary in these situations, simulation provides an outlet to practice a procedure
as often as required with exposure to varying types of anatomy. Simulation allows
trainees to recreate extreme circumstances to ensure they are ready to encounter any

scenario in their clinical placement.

Simulation-based medical education is becoming increasingly popular with the global
simulation market expected to double from 2017 to 2022 (55). Increasing demand for
minimally invasive surgeries, and increased focus placed on patient safety, presents a
clear need for advanced training procedures. While the technology has evolved allowing
for more advanced training solutions, the validation of these techniques is crucial in order
to prove their utility in training scenarios, and to ensure that implementation will produce
positive clinical results. The validation of simulation as a core solution to these problems
encountered in the healthcare industry has been vital in the implementation of these

devices in training programs.

There are currently various methods of simulation that are present in healthcare. Each
method of simulation is tailored to the specific training need and the field in which it is
present. Some key types of simulation technology include virtual reality systems with

force feedback input/output, virtual patient simulation, and physical models.

While simulation has not yet been fully accepted within hearing, there are groups looking
to simulate other difficult or high-risk procedures for Audiologists and Otolaryngologists.
Simulation systems within hearing include OtoSim for otoscopy, Myringotomy VR for
myringotomy, and a Virtual-Patient Audiology Simulator that simulates audiometric

testing (56-58). While all these simulators provide utility for the clinician looking to
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practice those procedures, none of them were developed to train clinicians on real-ear
verification. To address the need to gain experience in probe tube placement before

clinic, a physical model was chosen as the best solution.

Physical models include a physical recreation of the situation which is to be encountered
in clinic. In medical simulation, this typically includes a mannequin aimed to simulate the
patient in some form, with additional functionality to recreate human physiology, or to
provide feedback mechanisms that increase learning opportunities. These physical
simulations allow trainees to get accustomed to clinical methodologies before practicing

on volunteers or operating in a clinic.

There are various ways in which these physical models can be created. While previous
mannequins were made through plastic and silicone molds for realistic flexible models,
three-dimensional (3D) printing has now allowed for the quick and affordable

development of rapid prototypes.

1.6 3D Printing & Rapid Prototyping

3D printing is an additive manufacturing process in which various materials are injected
onto a build platform to create physical models of computer generated volumes. There
are several different 3D printing techniques, however in this thesis, the focus will be on

two techniques: fused deposition modelling (FDM) and Polyjet.

FDM printing is the most popular and accessible 3D printing technique available in the
current day. This type of printer uses a heated extruder head to melt and extrude plastic
filament (PLA, ABS, PC, etc) onto a build plate. The location it is extruded to
corresponds with the location specified by the 3D model in the 3D printer software. At
the time of writing, FDM printing is inexpensive (roughly $1.00 for a four-inch cube),
produces functional parts, and is most often used for prototyping. FDM printers can vary
from $100 to $1,000,000 depending on the print volume, printable materials, and
accuracy for example.
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The second 3D printing technique relevant to this thesis is Polyjet printing. Polyjet refers
to a technique very similar to an inkjet paper printer, but instead of dropping droplets of
ink onto paper, the 3D printer extrudes miniscule droplets of liquid plastic. A UV light
over the part cures the plastic into a solid. Like an inkjet printer, one can vary the colour
(and material) by mixing the different material cartridges to create the ideal properties for
the print job. Polyjet printers are known for smooth surfaces, precision, and varied
material properties (59). The cost of polyjet printing vastly outprices FDM with entry
level printers starting at $50,000 and the cost of print material for a four-inch cube
starting at approximately $50 (50x that of an FDM printer), along with several
maintenance requirements. This technique is used for highly precise parts with differing

material properties.

Although 3D printing is advancing at an exponential rate, and the capabilities of
advanced printing techniques such as Polyjet create new manufacturing possibilities, 3D
printing remains incapable of producing flexible, soft parts that can mimic human tissue.
If properties produced from 3D printing are not optimal for the required application,
manufacturing techniques such as molding and casting can be used. This consists of using
a resin (typically silicone) to create a mold and cast of the 3D printed part. The creation
of these molded and casted parts in tandem with 3D printing can be extremely cost-

efficient and extend the range of materials.

1.6.1 The Development of 3D Models

To obtain models to 3D print for physical mannequins, a Computer-Aided Designed
(CAD) model must be developed. While common 3D object files can be found at various
online repositories, specialized geometries must be created from scratch. In the healthcare
field, medical scans such as computed tomography (CT) scans are used to create 3D
models of patient anatomy and geometry.

While CT scans offer exact patient geometry for use in 3D models, an additional step
must be completed to create models of only the relevant geometry in the image,
segmentation. Segmentation refers to the outlining of relevant anatomy in an image. This

IS necessary in anatomical images since scans contain all of the patient’s anatomy — from
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air pockets and soft tissue to bone — which is not needed in the models. There are various
ways in which segmentation can be performed. The anatomy can be manually segmented,
where the operator outlines, or “colours in”, the tissues that are required for the model.
Alternatively, the segmentations can be automated through common computer
algorithms. Thresholding, or defining a threshold gray level in the image and segmenting
anything above or below that threshold, and region growing, the selection of a seed point

and expansion outwards to a specific threshold, are two popular techniques.

After segmentation, the relevant segmented anatomy can be exported to a modeller in
which a volume is created, and surfaces can be fitted to the outlines. The modelling CAD

software is capable of editing and fixing this volume to prepare for 3D printing.

The creation of these 3D models and the rapid prototyping through 3D printing was an
important technique that was relevant to the creation of the probe tube placement
simulator. Through these methods, new prototypes can be developed in short periods of
time with limited costs. The integration of these 3D printed parts with feedback
mechanisms create an extremely powerful tool to offer enhanced training methods
capable of better preparing trainees for clinic.

1.7 Objectives

The first objective of this thesis was to develop a probe tube placement training simulator
for trainees in audiology to practice probe tube placement before entering a clinical
scenario. The second objective was to validate the simulator to determine its usefulness in

teaching and its ability to produce skill development for users.
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Chapter 2

2 The Development of the Probe Tube Placement Simulator

The development of the probe tube placement simulator was an iterative process
occurring over two years. The design has evolved substantially since its initial prototype
through user feedback received from the performed validation studies (Chapter 3 and 4).
Included in this chapter is the development process of the original simulator with in-

depth detail of each component.

2.1 Design Requirements

While the development of the probe tube placement simulator was open-ended to allow
for creative autonomy, there were several design objectives which were to be met for the

simulator to be used in Western’s audiology training program.

Firstly, the simulator had to provide a high-fidelity (highly realistic) training experience
for trainees. The teaching and learning of audiology is a hands-on process that includes
becoming both accustomed to common instruments and comfortable interacting with a
patient’s head and ear while performing procedures. A high-fidelity simulator (in
comparison to a low fidelity/realism task trainer) (48) is favoured while satisfying the

remainder of the requirements.

Secondly, users of the simulator were to receive feedback regarding how far the probe
had been placed from the TM. Trainees do not receive this type of feedback in clinic —a
large barrier while learning probe tube placement, as discussed in Chapter 1. The
simulator must be able to measure the probe-to-TM distance with an accuracy within

Imm.

Thirdly, the simulator design was to be as cost-effective as possible, with cost of
materials kept under roughly $500. Due to the limited budgets which training programs

and training institutions possess, a high-priced system would not be plausible.
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Finally, the system had to be lightweight, portable, and compatible across different
operating systems and different hardware specifications. Training programs often require
equipment to move between rooms depending on the lesson or lab that is taking place.
The developed design therefore had to be adaptable to several rooms while also being

able to operate on different computers within these settings.

2.2 Physical Simulator

A physical simulator was determined to be the best type of medical simulator to simulate
probe tube placement due to its high-fidelity approach. Probe tube placement is one of
the first hands-on procedures that clinicians perform on a patient. A physical simulator
allows trainees to be introduced to the procedure and offers them a tool to practice probe
tube placement while becoming comfortable with an otoscope and using real-ear

measurement equipment on a patient’s head.

Due to the large variation of ear anatomy that exists between individuals, an adult
simulator (based on adult anatomy) and a pediatric simulator (based on infant anatomy)
were built. Both simulators were developed using the same methodology, with only the
head model and ears differing between the two (as seen in Figure 2.1). Henceforth, all
development will refer to both the pediatric and adult models, as the adult model was

developed first, and the pediatric model was a modified version of the adult model.
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Figure 2.1: The adult (left) and pediatric (right) versions of the first probe tube

placement simulator.

As seen in Figure 2.2, the physical simulator consists of three main parts: The ear model,
the head model, and the optical tracking system.

221 Ear Model

To create a high-fidelity model for probe tube placement, CT data of cadaveric temporal
bones were obtained. All cadaveric specimens were obtained with permission from the
body bequeathal program at Western University (London, Ontario, Canada) in
accordance with the Anatomy Act of Ontario and Western's Committee for Cadaveric
Use in Research. The pinna, ear canal, and TM provided by these CT scans allowed for
simulation of exact patient anatomy. CT scan data was utilized for both the adult and
pediatric models, displaying drastically different anatomy. As defined by the scans, the
canal length of the adult model was 32 mm whereas the pediatric ear canal length was 15
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mm. To print these 3D ears, the CT scan data had to first be segmented and created into a
3D model.

Figure 2.2: The internals of the adult simulator displaying the three parts of the

simulator: The head model (A), optical tracking module (B), and ear model (C).

A step-by-step process of the ear model creation is seen in Figure 2.3. First, the CT scan
data was imported into 3D Slicer (60) for segmentation and manipulation of the original
images (Figure 2.3A). For the purposes of the probe tube placement simulator, the pinna,
ear canal, and TM were the only necessary structures. All parts of these structures were to
be segmented and succinctly integrated into one surface for printing. To segment these
structures, a thresholding technique was used. Through trial and error, it was found that
the proper limits of the threshold were greater than -500 Hounsfield Units and less than

200 Hounsfield Units — corresponding approximately to the radiodensity of human tissue
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found in the human ear system. Even though this resulted in a suitable outline of the
anatomy, there were minor deviations/outliers that had to be manually corrected —
structures within the threshold that were not required in our model — as seen in Figure
2.3B. In addition, the TM is an extremely small structure which is difficult for a
segmentation algorithm to capture in entirety. To correct for both these errors, the
remainder of the structures had to be manually segmented. The raw CT data were
examined slice-by-slice to correct for any of the relevant anatomy that was not captured.
Once completed, the segmented object was exported to a 3D modelling software to

prepare the design for printing.

The modelling software Geomagic Studio (3D Systems, Morrisville, North Carolina,
USA) was used to smooth the automatic and manual segmentation results from 3D Slicer
(60). As Geomagic Studio uses meshes to manipulate objects, functions such as
relaxation and refining of the mesh were used along with restructuring geometry
sculpting and shelling the existing meshes. Extensive work with these functions was
performed to optimize the 3D printing process, minimizing material and time for printing
(Figure 2.3C). Once completed, the ear model was exported as an .STL file to send to a

manufacturer for printing.

Figure 2.3: Creation of the 3D printed ear model. Pane A shows the raw CT scan which

was segmented in 3D Slicer and exported as a surface (Pane B). Pane C shows the final
mesh-fitted object ready to be 3D printed.
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Cimetrix Solutions (Oshawa, Ontario, Canada) was the source of printing for this initial
print job due to their advanced 3D printers and capability for variation of material
properties throughout the same part. The human auditory system possesses structures
with varying material properties such as cartilage for the outer one-third of the ear canal
and bone for the inner two-thirds of the ear canal, which were important to capture in this
ear model. The pinna and entrance of the ear canal was printed with a Stratasys Objet 500
Connex3 3D printer with TangoPlus FLX 930 material (Stratasys Ltd., Eden Prairie, MN,
USA) at a shore value (hardness) of 27A. For the tracking system and simulator to
operate effectively, the inner ear canal portion of the ear was printed in a transparent
VeroClear RGD810 material and coated in a latex paint to further increase transparency.
As previously mentioned, the capabilities of this Polyjet printer allowed for varied

mechanical properties of the printed part throughout the same print job.

2.2.2 The Head Model

Various approaches were explored for providing a head model, but the low-cost solution
of styrofoam was chosen. Styrofoam was found to be extremely inexpensive and allowed
for easy manipulation. For the tracking system and ear to be mounted in the head at
consistent and stable locations, the styrofoam was carved out in the desired location, and
hot glue was used to secure them in place. While this approach is not ideal for repeatable
production or large volumes, it was excellent for an initial proof of concept to show the
feedback mechanisms that were present and to receive feedback on the operation of the
simulator. When moving forward into more advanced prototypes or production units,
alternative materials for the head models would be used such as 3D printing or injection

molding.

2.2.3 The Tracking System

A variety of sensing modalities capable of detecting the probe tube as it was inserted into

the model ear were considered; however, optical tracking was used in the final design.
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Although a capacitive or inductive sensor system offers more accuracy than an optical
sensor, a key factor discouraged the use of this category of sensing technology — cost.
The probe tubes used by clinicians have a very small diameter (around 2mm) and are
made of plastic. This is a very difficult object to detect using a capacitive or inductive
sensor. Through various quotes on capacitive and inductive sensors capable of detecting
such an object, it was determined that this sensor would cost greater than $2000. This
hardware cost did 