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Abstract

Effect of Cochlear Shape and Size on Cochlear Implant Insertion Forces
Filip Hrncirik

This PhD thesis constitutes a comprehensive investigation into the critical factors
and parameters influencing cochlear implantation outcomes, with the ultimate aim to
enhance surgical practices and patient outcomes.

Chapter 2 offers a detailed overview of the anatomical and physical properties of the
cochlea to aid the development of accurate models for improved future cochlear implant
(CI) treatments. It highlights the advancements in the development of various physical,
animal, tissue engineering, and computational models of the cochlea, along with the
challenges and potential future directions.

Chapter 3 performs a systematic review, consolidating and scrutinising the existing
literature on cochlear implantation. Firstly, it centres on the determinants of insertion
forces (IFs) and intracochlear pressure (IP) during cochlear implantation, focusing on
insertion depth, speed, and the role of robotic assistance. The findings underscore the
necessity for standardisation across studies and offer critical insights into the factors
influencing IFs and IP during cochlear implantation. The second part of the chapter
assesses the influence of surgical approach and cochlear implant type on the occurrence
and distribution of cochlear trauma, identifying potential areas for improvement. It
indicates the significance of implant design and surgical approach in reducing cochlear
trauma and enhancing patient outcomes.

Chapter 4 scrutinises the precision and transparency of Stereolithography (SLA) and
Digital Light Processing (DLP) 3D printing technologies in creating full cochlea and scala
tympani models. The most accurate and transparent models were achieved using DLP
technology with a 30 pm layer height combined with an acrylic coating. This provides
a promising pathway for creating detailed artificial cochlea models for use in cochlear

implantation surgery.
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Chapter 5 presents a systematic investigation of the influence of different geometrical
parameters of the scala tympani on the cochlear implant insertion force. This was done
using accurate 3D-printed models of the scala tympani with geometrical alterations. The
results indicate that the insertion force is largely unaffected by the overall size, curvature,
vertical trajectory, and cross-sectional area once the forces were normalised to an angular
insertion depth. This supports the Capstan model of the cochlear implant insertion force
which suggests the major factor in assessing insertion force and associated trauma are
the friction, the tip stiffness, and the angular insertion depth, rather than the length of
the CI inserted.

This thesis provides novel insights into the dynamics of cochlear implantation, offers
a comprehensive appraisal of the current state of research, provides methodologies to
fabricate accurate artificial models, and identifies areas for further investigation. It is
anticipated that the findings will guide future research and clinical practice to optimise

cochlear implantation outcomes.
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Chapter 1
Introduction and General Overview

This dissertation starts with an elucidation of cochlear implants (CIs) and their placement
into the inner ear, followed by an overview of their positioning and existing restrictions. As
autonomous entities, Chapters 2, 3, 4, and 5 each contain their distinctive introductions
and conclusions.

In Chapter 2, I embark upon an extensive review of the various models utilised to study
the cochlea, which encompass physical, animal, tissue engineering, and computational
models, particularly in relation to cochlear implant research. This chapter delves into
the detailed anatomy of the cochlea and its variations in shape. The primary emphasis is
on replicating the features of the cochlea and engaging in a discourse on potential future
trajectories.

Chapter 3 involves a systematic review of literature, concentrating on the influence of
insertion speed, depth, and robotic assistance on the forces and intracochlear pressure
during CI insertion. Additionally, I explore the origins of trauma induced by CI insertion
and its correlation with the type of CI (perimodiolar or lateral wall) and the insertion
technique (round window or cochleostomy).

Chapters 2 and 3 lay the groundwork for the experimental inquiries undertaken in
Chapters 4 and 5.

Chapter 4 begins with an exploration of different 3D printing technologies that can be
utilised for crafting an accurate cochlear model with a smooth lumen finish. Subsequently,
a meticulous examination of two promising 3D printing technologies for the creation
of precise and transparent cochlea and scala tympani models is carried out, employing
nominal-actual analysis.

In Chapter 5, I employ the optimal 3D printing technology from my previous work,

fine-tuned through post-processing, to construct scala tympani models of varying sizes



2 Introduction and General Overview

and shapes. These models are then used to systematically examine the insertion forces

that occur during the insertion of a cochlear implant.

1.1 Cochlear implants

CIs are neural prosthetic devices that bypass most of the peripheral auditory system and
directly stimulate the cochlear nerve cell bodies and peripheral and central processes. Cls
are one of the most mature technologies in the field of chronically implanted electrical
stimulating medical devices. Initial attempts started with single-channel stimulation of
the cochlear nerve in patients in 1957,? followed by multichannel implants, which are
more extensively reviewed by others.*™

The external component of the CI consists of one or more microphones that receive
sound from the environment, a audio processing unit that filters and processes the
sound, and a radio-frequency transmitter (external transmitter) that directs processed
sound signals and power to the internal parts beneath the skin (see Figure 1.1 (A)).
Internal parts are composed of a receiver/stimulator that receives the signal from the
external transmitter and converts it into electric impulses, and an electrode array that is
introduced into the cochlea (see Figure 1.1 (B)).

The operation of a CI is dependent on the specific spatial stimulation of auditory nerve
fibres. In normal hearing, acoustic input is translated spatially into neural stimulation,
i.e. different frequencies maximally stimulate different regions of the basilar membrane
along the cochlea. These stimulations are in turn translated into neurotransmitter
release by inner hair cells to stimulate auditory nerve fibres. Note that the base of the
cochlea responds best to high frequencies (up to 20 kHz) and the apex to low frequencies
(down to 20 Hz).% This spatial coding of frequencies along the length of the cochlea is
referred to as a tonotopic organisation. Cls bypass the acoustic aspects of hearing and
directly stimulate neural activation of the auditory nerve fibres whose cell bodies reside
in Rosenthal’s canal in the modiolus, the central porous bony portion around which the
cochlea turns. The specificity or focusing ability of the implants stimulation is, therefore,
largely determined by how far current spreads, which is determined by the electrical
properties of the cochlea and its contained fluids.

As CI technology gains ever more impetus, an increasing number of people with
residual hearing are receiving implantation. Different countries have differing criteria for
implantation, but for instance, in the UK, the National Institute for Health and Care

Excellence (NICE) criteria restrict implants for children or adults with diagnosed severe



1.1 Cochlear implants
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Figure 1.1 External and internal components of a cochlear implant.



4 Introduction and General Overview

to profound deafness. This is defined as hearing only sounds that are louder than 80dB
HL at two or more frequencies bilaterally without any acoustic hearing aids.” To a large
extent, these criteria are derived from assuring a high probability that the patient will do
better with a CI than with hearing aids, as residual hearing is in many people destroyed
by the trauma of implantation. Hence, CI decision-making must have a mindset that
this is an irreversible procedure, following which the patient cannot go back to their
hearing aids if they do not do well with CIs. Reports of partial and total hearing loss
vary, but the incidence of patients maintaining some residual hearing can be upwards
of 90 %,%'? particularly at low frequencies. However, 40 — 60 % of patients display a

10,1L,13,14 and a total loss is

significant decrease compared to their preoperative hearing
reported from 8 — 19 % of the time.®1%1% Residual hearing has been shown not to have a
drastic effect on speech perception outcomes with the CI.'6

In cases where CI recipients retain some low-frequency hearing, hybrid electric and
acoustic stimulation (EAS) CI devices can be beneficial and combine the advantages of
acoustic and electrical stimulation.!™!® In this case, CIs deliver mid-high sound frequencies
(as hearing loss is typically more profound at high frequencies), and an amplified acoustic
signal covers the low frequencies.’®?! This is particularly beneficial for better acoustic
signal timing information, as ClIs perform poorly compared to the acoustic human auditory
system.?? Reducing insertion depth may result in more limited trauma, ensuring better
residual hearing preservation. However, this is a trade-off between maximal insertion
to increase the range of frequencies that CIs can convey, and reducing trauma during
insertion.

Additionally, this irreversible insertion trauma limits these patients from potentially

receiving advanced therapies in the future (e.g. cell/gene regeneration therapies).

1.2 Insertion of cochlear implants

1 gpheed,?® pressure,?* angle,?® and depth

Various attributes of implantation such as site,
of insertion may significantly affect the preservation of the recipient’s residual hearing.
The following paragraphs briefly introduce these attributes; however, an in-depth analysis
of literature is undertaken in Chapter 3.

Regarding the insertion site, two approaches are often taken: introduction of the
electrode array through the round window (RW) or by cochleostomy into the scala
tympani. The first approach penetrates the RW soft membrane, whereas the latter

involves drilling into the scala tympani’s bony wall. The RW technique is frequently
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and increasingly preferred as it minimises insertional injury compared to cochleostomy,
which can introduce bone particles into the intracochlear spaces and negatively impact
the patient’s acoustic hearing.?!*?® Both can lead to perilymph leakage leading to the
theoretical possibility of a perilymph fistula.?” Nevertheless, cochleostomy may provide
better positioning of the electrode array entry point along a vector aligned with the basal
turn of the cochlea and, therefore, may, in this aspect, reduce the initial insertion trauma.
It is worth noting that RW’s orientation and size vary across CI’s recipients and may
produce difficulties during the insertion process.?®

Several papers have discussed the implication of insertion speed on the preservation
of acoustic hearing.?3?42%3 In general, it has been reported that the lower the insertion
speed, the lower the insertion forces and, theoretically, less the trauma of implantation.
Kesler et al. demonstrated that the lowest continuous insertion speed of the electrode
131

array by an experienced surgeon was approximately 867 pm s~ Lower insertion speeds

can only be achieved by utilising advanced motorised insertion tools. These can reach
speeds as low as 50 pum s~—!,?* and can steadily introduce the electrode into the cochlea.
The constancy of speed is also of paramount interest as discontinuous movement may
result in higher transient intracochlear pressure changes and higher insertion forces which
are associated with traumatic implantation.?%32:33

Hartl et al. argued that measuring insertion forces provides only an indirect projection
of cochlear input energy.?* These measurements can be misleading as other forces, such
as internal friction and shear may arise within the device during insertion. However,
measurement of intracochlear pressure is a direct way of characterising cochlear input
energy and, thus, may more precisely quantify insertion trauma. Intracochlear pressure
changes can be attributed to several factors such as the method of entry into the

2434 insertion techniques and velocities,®® and the shape of the electrode array.?

cochlea,

The size of the cochlea duct can significantly vary between patients.?® Manufacturers
produce a range of Cls lengths, from 15 to 31.5mm, to be able to accommodate indi-
vidual’s needs.>” However, there has been a general convergence of CI towards about
20 — 25 mm along the lateral wall over the past 20 years.®® With regards to the depth of
insertion, the consensus is that angular insertion depth is superior to the measurement
of insertion depth in millimetres as it then compensates for the diversity of cochlear
dimensions and CI’s trajectories.®® Deeper insertion of the electrode array into the apical
region of the cochlea results in better coverage of low-range frequencies.?® However, deep
insertions are also associated with excessive insertion forces and trauma, and perhaps

more loss of residual hearing.*! This may also lead to a greater risk of translocation of
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the CI from the scala tympani through the scala media to the scala vestibuli, causing
irreparable damage to the basilar membrane and other internal structures of the cochlea.*?
Furthermore, over-inserting the electrode array may contribute to insufficient stimulation
of the basal turn region*® if basal electrodes are pushed past this region. If acoustic
hearing preservation is of interest, a smaller electrode length or partial insertion may be

considered.

1.3 Cochlear implant positioning

The positioning of Cls within the cochlea is an important factor which determines the
induced trauma and detrimental effect on remaining hearing as well as the effectiveness
of the implant itself. Auditory nerve fibre degeneration (specifically of the spiral ganglion

4445 intra-cochlear

cells) is strongly associated with duration and severity of hearing loss;
inflammation induced via CI insertion trauma can lead to further degeneration and loss
of sensitivity of the cochlea.?’ Additionally, long term inflammation and fibrosis can
significantly impact the clinical effectiveness of Cls and residual hearing.*6:47

An essential concept in the positioning of CIs is pitch-place matching. As different
parts of the basilar membrane respond to different frequencies, so too do the corresponding
spiral ganglion neurons that connect to different regions of the cochlea, at least in post-
lingually deafened recipients.*® Cls aim to compensate for this ‘tonotopicity’ by allocating
lower frequencies to more apical electrodes and higher frequencies to more basal electrodes.
However, a substantial mismatch exists between the ‘normal’ acoustic frequency that
would occur at a given cochlear site and the frequency mapped to the electrode in that
location. While the brain possesses the ability to reorganise its internal frequency map to
a certain extent, there is mounting evidence that more meticulous placement and mapping
of frequencies in CIs may offer benefits. Precise alignment, such that the electrodes
stimulate the spiral ganglions corresponding to the intended ‘natural’ frequencies, may
expedite improvements in speech recognition. Nevertheless, the evidence supporting this
assertion remains in its early stages and continues to emerge.*® This pitch-place matching,
therefore, determines the signal processing and encoding of the stimulation. Although
calibration steps in programming (such as pitch ranking) can be used to compensate for
initial pitch place mismatch, this is fairly limited especially in the case of electroacoustic
and unilateral hearing loss cases using Cls, where the CI stimulation should ideally

synchronise with acoustic stimulation in the other ear to prevent conflicting signals.?®
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The lateral to medial positioning of Cls can affect both the implantation-induced
trauma and proximity of the electrodes to the spiral ganglion. This has led to the
development of two distinct types of Cls which have different mechanical designs: lateral
wall and perimodiolar. Lateral wall implants are straight electrodes and use the cochlear
lateral wall to guide the insertion. This type is thin and flexible to reduce the insertion
forces and trauma that it causes on the lateral wall tissue. Conversely, perimodiolar
hugging Cls are pre-curved and generally utilise a metal stylet or insertion tube to keep
the array straight during the initial insertion. Once the array reaches the ascending
portion of the basal turn, the stylet is removed, or the electrode follows its natural
precurved shape as it exits the insertion tube, and the array then follows the perimodiolar
wall of the cochlear duct. This approach results in secure positioning of the implant
along the modiolus, much closer to the auditory nerve spiral ganglion cell bodies, which
may require less power to stimulate the close-by nerve cells and possibly enhancing the
hearing performance by reducing the electric spread during stimulation,®® although this

remains to be proven.

1.4 Limitations of current cochlear implants

Two major limitations of Cls are mechanically induced trauma and current spread which
limits their clinical effectiveness. Current generations of Cls are not yet optimised for
fully atraumatic insertion. As a result, inflammation of intracochlear tissue and trauma
occur during insertion. Traumatic insertion can be attributed to numerous issues that
arise during the dynamic movement of the implant in the limited space of the cochlear
duct.

For instance, high resistance during the insertion process may result in bending or
kinking of the electrode array, especially in the basal region as the scala tympani diameter
is broader towards the base allowing room for buckling.®® This undesirable motion can
elevate the basilar membrane, which may interfere with its standard vibrational mechanics
and, therefore, decrease the level of residual hearing preservation. Penetration of the
basilar membrane may result in the total loss of residual hearing.?>:?® Continued force on
a mechanically blocked electrode array may result in an upwards buckling of the array
and an ensuing fracture of the osseous lamina. This fracture would separate dendrites of
spiral ganglion cells, lead to local fibrosis and inflammation, and its degeneration in the

exposed area.
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Partial electrode implantation can be associated with physical obstacles to the insertion
trajectory, typically attributed to ossification, fibrosis, irregular cochlear anatomy, or
lateral wall friction which also induces lateral wall trauma (LWT).?%2¢ TWT is often
found at points in the cochlea where there are increased contact forces between the
implant and the cochlear lateral wall. In the scala tympani (where implants sit), the
lateral wall is lined by the spiral ligament, a delicate network of fibres and cells that helps
to regulate the inner ear ionic and biologic milieu.'%2%3¢ The cochlea’s contact points are
particularly noticeable in specific regions due to its ascending spiral nature. The first
distinct marking is at the point where the basal turn starts to ascend. The next notable
marking occurs within the basal turn, where the array tends to buckle if it is either
pushed too far or encounters resistance. Finally, significant problems are also seen in
the more apical regions of the cochlea, specifically where the structure begins to narrow.
Another well-recognised complication is electrode array tip fold-over, in which the tip of
the implant reverses direction and partially comes back rather than advancing forwards
in the cochlea. This buckling effect has been described in many studies and is affiliated
with both straight electrodes (lateral wall),* but more commonly with perimodiolar
electrodes.?® The tip fold-over is frequently associated with an obstruction in the cochlear
lumen, sub-optimal insertion trajectory, or incorrect application of electrode arrays with
pre-curved electrode design (perimodiolar). Furthermore, it may cause significant trauma
on the walls of scala tympani.*® Pre-curved perimodiolar electrodes utilise an internal
stylet or external sheath to remain straight during insertion. The tool that provides
mechanical support during initial insertion is removed at the edge of the first part of the
basal turn so that the pre-curved electrode can start to curl up and hug the modiolus.
However, this tendency to curl up predisposes this design to tip fold-over.?%?! Scalar
translocation corresponds to an undesired movement of the array between scala tympani
and scala vestibuli through the basilar membrane. Such a disturbance is associated
with the loss of residual hearing and may also contribute to a reduction in speech
perception® as the electrode is further away from spiral ganglion cell bodies. In general,
straight electrodes have a lower probability of translocation into the scala vestibuli than
perimodiolar electrodes.?* % ‘Electrode migration’ is a result of electrodes movement
after the surgery and is sometimes thought to be due to ossification or fibrosis of cochlear
ducts,?™ but can also be attributed to the inherent ‘springiness’ of the implant, or external
pulling forces from the leads (also discussed in Chapter 5).2° In this regard, there is a
trade-off between the very low friction needed for insertion and the relatively high friction

required to retain the implant in the cochlea post-insertion. The range of migration
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can vary greatly, from nearly undetectable movement to the total migration out of the
cochlea, and may take months® or longer® to be noticed.

Some of the aforementioned positioning and trauma issues can be detected intraop-
eratively, for instance, by using electrocochleography (ECoG) during insertion, which
can detect damage to hearing, allowing the surgeon to change or modify insertion.%°
Surgeons often utilise computerised tomography (CT) or magnetic resonance imaging
(MRI) preoperatively to understand the cochlear shape and any abnormalities. It is worth
noticing that cochlear shapes and sizes vary significantly between recipients; however,
electrodes come in fixed lengths and the actual position of the implant will depend on the
size and shape of the cochlea. Even without considering trauma, CIs still face significant
challenges and are particularly limited in their capacity to convey speech information.
A major limitation with CIs is the severe cross-talk between CI electrodes stimulation
and the populations of stimulated neurones due to extensive current spread inside the
cochlea. Although electrodes vary between manufacturers, typical Cls include 12 — 22
electrodes. The effective number of information channels is thought to be only 7 — 8 due
to this severe cross-talk, resulting in low-fidelity representations of the input acoustic
signals as experienced by the recipients.®! In addition, current shunting in the cochlea

results in higher power requirements.
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2.1 Introduction

The unique spiral structure of the cochlea is essential to its function as the hearing
sensory organ. It transduces physical fluid pressure waves into neural impulses that can
be interpreted by the brain to sense and understand the acoustic environment. Although
this shell-like structure is vital to one of our most essential senses, relatively little has
been done to manufacture an artificial cochlea for research purposes. In vivo experiments
have provided a wealth of information about the mechanisms of hearing;!35°5:62 however,
artificial models could provide a platform to further understand and address many of the
remaining challenges in repairing hearing impairments.

Hearing impairment is the most prevalent sensory deficit in humans, affecting 466
million people worldwide (World Health Organisation).®® CIs have been transformative
for those suffering from severe-to-profound hearing loss by bypassing normal acoustic
hearing mechanisms and directly stimulating the cochlear nerve electrically. However, key
limitations still constrain the clinical effectiveness and wider eligibility of these implants.
Mechanical trauma generated during CI insertion and the resulting tissue trauma and
chronic inflammatory response can damage residual acoustic hearing. Residual acoustic
hearing can be beneficial when combined with CI electrical hearing (electro-acoustic
hearing), and any interventions to preserve this would increase eligibility for CIs.!7:6466
Current means for detailed physical examination of the electrode-cochlear interactions
involve animal®™ % and human cadaveric testing.”""> However, these models present
significant challenges as they cannot be easily instrumented or modified in shape and
size to allow systematic testing of performance parameters. Furthermore, animal cochlae
are very different anatomically from human cochleae™ and also have restrictions on the
availability and ethical considerations in their use. Only limited progress has been made
towards other models, such as engineering realistic artificial cochleae.™

A bio-mimetic cochlea has the potential to accelerate both the development of new
treatments for hearing loss as well as optimise existing treatments. Therefore, by reviewing
the structure and physical properties of the cochlea and its interaction with cochlear
implants, I can evaluate requirements for a realistic model and assess current attempts

to engineer artificial cochleae and indicate future directions for their development.
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Figure 2.1 Diagram depicting the structure of the cochlea (right) and the insertion of the CI
through the round window into the scala tympani. This is shown in relation to its position
relative to the middle ear and external components of the CI (left). Note that spiral ganglion
neurons from the cochlear nerve spiral around the 2.75 turns of the cochlea around the central
axis (the modiolus).

2.2 Biological background of cochlea

2.2.1 Anatomy

Embedded in the temporal bone, the cochlea is a fluid-filled structure that is part of
the osseous (bony) labyrinth, also referred to as the otic capsule. This consists of the
semi-circular canals, responsible for sensing head rotation which is essential for balance,
the vestibule, which houses the linear acceleration detectors (the otolith organs), and the
cochlea itself (see Figure 2.1).

Neural representation of frequencies in the normal cochlea are structured in a tonotopic
manner, primarily by the intrinsic passive and active tuning of the basilar membrane,
which maximises vibrations for particular frequencies in a graded manner from apex
to base. This results in neurons (specifically spiral ganglion neurons localised in the
Rosenthal’s canal) along the length of the cochlear spiral encoding low frequencies at
the apex and high frequencies towards the base (in a range from 20 Hz to 20 kHz).”™ Cls
try to somewhat replicate this tonotopic representation, by presenting lower frequency
signals to the apical electrodes and higher frequency ones to the basal electrodes.

A defining feature of the cochlea is its distinct ascending spiral geometry. One reason
for the nautilus shell-like structure is thought to be due to spatial constraints in the

temporal bone.”® However, more recent studies have presented evidence suggesting that
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it also provides functional benefits. For instance, a study by Manoussaki et al. indicates
that the graded curvature of the cochlea can aid the propagation of low frequencies similar
to “whispering gallery nodes” and therefore influence low-frequency hearing limits.””
Key parts of the cochlea for surgeons are the bony RW niche and the RW itself, as they
are the most common entry portal for CI insertion (see Figure 2.2 (A)). The RW niche is
a bony pouch of the tympanic cavity located anterior to the RW which is closed with a
membrane. The niche has a width and depth of about 1.664+0.34 mm and 1.34+0.25 mm,
respectively.” The RW is a small, circular opening with a transverse diameter of about
1.6540.21 mm positioned inferior and slightly posterior to the oval window at an average
distance of 2 to 2.2 mm. It is covered by a thin membrane (69.4 4+ 4.3 ym)™ called the
round window membrane (RWM), which enables fluid movement within the cochlea

788081 The oval window is closed by the stapes footplate,

during auditory stimulation.
a part of one of the three ossicles in the middle ear which transfer vibrations of the
eardrum to the inner ear fluids. The oval window is set in the bony vestibule. During
auditory stimulation, the stapes footplate vibrates, creating inner ear pressure which is

released by the compliant RW membrane.

2.2.2 Variation in cochlear anatomy

Human cochleae display large variations in both size and shape,*%? which likely affects
the clinical performance of Cls. It is, therefore, crucial to understand this variation
when attempting to produce a representative artificial model. Indeed, by developing
physical (i.e. model made of plastic or similar material that represents anatomically
accurate ‘mechanical’ twin of the human cochlea) or computational models that can
represent the variation present in the human cochlea, researchers can try to understand
the relationship between different structural features of the cochlea and the effectiveness
of CIs. This could reveal possibilities for personalised/stratified medicine within this
field by relating different device designs as being optimal for certain types of cochleae,
particularly concerning the length of the cochlea, but also to other material properties
such as stiffness of the implant in different dimensions for optimal, minimally traumatic
full insertion.

Additionally, through a deeper comprehension of these disparities, researchers can
enhance the utilisation of animal models by acknowledging the anatomical variations

between the human and animal cochlea.
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Characterisation of the cochlea size and shape

The cochlea has a characteristic spiral geometry which flares out from a typical
Archimedean spiral at the base. This has been characterised by either a piecewise

8381 which separately describes the base and apex or a continuous double

function,
exponential function.®>® Additionally, a function to determine the height of the
cochlea is highly dependent on the reference frame used. For instance, when using a
mid-modiolar axis, it is possible to determine that the height of the cochlear centerline
increases linearly.®* This can lead to the observation of three cochlea shape categories:
sloping, intermediate, and ‘rollercoaster’?® A sloping shape has an upward trajectory
without any significant downward trend. The intermediate shape follows a slight upward
trajectory after the RW, which then follows a slight decrease. Lastly, the ‘rollercoaster’
shape follows a downward trajectory after the RW, followed by an upward trajectory
around 75to 120°. Nevertheless, Gee et al. propose a different perspective. They argue
that if a basal plane is defined such that the average height of the first 270° of the basal
turn matches the viewpoint of the inserted cochlear implant, then the ‘rollercoaster’
trajectory is no longer observed.®” This definition results in a more sigmoidal increase of
the cochlear height where the basal turn is rather flat, followed by a sharply defined

rising of the cochlear spiral.®”

Size and shape variation of cochlea

The variability of the cochlea is reflected in the range of cochlear duct lengths ranging
from 30.8 to 43.2mm®®° and also, to a lesser extent, with the variable number of

36.90.91 Hence, individual cochleae are not only a scaled-up version of the same basic

turns.
shape but represent true morphologic variations. Therefore, different shapes and lengths
of the electrode arrays should ideally be considered if atraumatic insertion, place-pitch
matching (aligning the sound frequencies assigned to electrodes to the natural biologic
tonotopic map), and preservation of residual hearing are of interest. Table 2.1 summarises
some of the key anatomical features of the cochlea.

Furthermore, the height of the centre part of the scala tympani (ST) is larger than in
the lateral and modiolar regions. The ST is the lumen into which Cls are placed.® Lateral

3692 which can

wall height significantly decreases following the second turn (after 450°),
imply a higher possibility of CI translocation through the basilar membrane from the ST
(intended site) into the scala vestibuli or pushing against the basilar membrane. This

likely increases the probability of residual hearing loss and perhaps also worse CI hearing
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outcomes, if the trauma affects the auditory neurons. Figure 2.2 (C) depicts the changes
in the cross-section of the cochlea and the width and thickness of its key membranes at
the base and apex. The basilar membrane (excluding Organ of Corti) becomes thinner
and wider towards the apex of the cochlea, ranging from 1.26 — 1.92 pm thickness and
~202 pm width to 0.53 — 0.89 and 475 pm, respectively.”® However, the thickness and
width of the Reissner’s membrane remain consistent throughout the cochlear duct length
at about 6.4 & 2.6 pm and 770 & 180 pm, respectively.”

The basal turn represents a large part of the cochlear duct length. Its size variability
is, therefore, a significant contributor to the overall CI insertion path and may drastically
impact the angular insertion depth of the implant.®%% Furthermore, the majority of
insertion trauma is observable within this region (180 to 270° from the RW,%% also see
Chapter 3) which underlines its importance.

In addition to the major axis change between the first and ascending portions of
the basal turn, several smaller anatomical peaks, dips and vertical jumps have been
described in the vertical trajectory of the ST.?%7 These relatively sudden changes in
the vertical trajectory of the ST can be critical when calculating the required implant
insertion depth in 3D. Therefore, it is essential to replicate them in detail in the physical
or computational artificial model as they may play a significant role in determining
the insertion interactions between the cochlea and the implant. Each cochlear shape
category is unique and, in theory, could require slightly different approaches in terms of
insertion site and angle to minimise trauma. However, recent evidence shows a relative
independence of the overall friction force experienced by the implant to the cochlea
shape,® although shape may still play a role in the local stresses and trajectories of the

implant, and where this force is concentrated.

Variations of round window

The RW also demonstrates large variability in shapes between implant recipients with
majority being of oval-shape (see Table 2.1).2%997101 A gharp bony crest called the crista
fenestra, which occupies an extensive area projecting into the RW, may play a significant

101 Different RW niche morphologies produce various sizes of

role as a barrier to the ST.
crests.’%? In some situations, removing the crest is necessary to introduce the implant
successfully. If the RW is unreachable or the entry angle is not satisfactory, a cochleostomy
(separate hole drilled into the ST) is typically considered. Additionally, the surgical view
of the RW is limited by the margins of facial recess, i.e., facial nerve posterior, chorda

tympani, eardrum anterior, and incus buttress superiorly (see Figure 2.2 (A)). Therefore,
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(A) Round Window Approach (B) Otic Capsule

Cochlear Duct Length

A Value 37.9 £ 2.0 mm
9.2+ 0.5mm

B Value
7.0+ 0.5 mm

Round Window
Th: 1.1 pm
W: 150 um

(C) Cochlea Cross-Sections

Base Apex

Thickness Width

Basilar Membrane
Base 1.26-1.92um 80-202 um
Apex 0.2-0.92pum 418-573 um CD_ £
Reissner's Membrane o £
Base 6.4 um 770 um
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Figure 2.2 Limited surgical view of the round window during implantation (A) and Otic
Capsule with cochlear duct length measurement (B). Cross-section of the cochlea at base and
apex highlighting key anatomical features (C). Th - thickness; W - width
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the surgeon’s manoeuvrability is restricted and could benefit from the experience acquired

by training on a physical phantom of the human cochlea.

Table 2.1 Summary of the size and shape of various features of human cochleae. SD — Standard
Deviation; N - number of samples.

Component of

Measure N Refs
cochlea
Mean + SD (range) [mm)]
37.9 + 2.0 (30.8 — 43.2) 436 89
103
Cochlear duct 35.8 + 2.0 (30.7 — 42.2) 310
length 40.9 + 2.0 mm
angular length 966.7 + 45.1° (outer wall) 108 76
number of turns 2.69 £ 0.13
Number of turns Percentage (%]
Number of 2:5 L
turns 25 13 68 90,91
2.5 - 2.75 74
2.75 -3 12
Height [mm] Width [mm)]
1.91 £ 0.78 1.37 £ 0.43 20 99
0.69 £ 0.25 1.16 + 0.47 34 81
Round window 1.62 + 0.77 1.15 £ 0.39 50 100
membrane Transverse diameter [mm]
1.65 + 0.21 558 ™
Thickness [pm]
69.4 + 4.3 37 s
Oval (60 %), round (25 %) and triangular (15%) 20 99

Round window Oval (50 %), round (20 %, triangular (12 %),

shape comma (10 %), quadrangular (6 %), 50 100
and pear-shaped (2 %)
Round window Width [mm] Depth [mm]
niche 1.66 + 0.34 1.34 + 0.26 541, 460 78
Facial recess Width [mm]
4.01 £ 0.56 356 ™
Base Apex
Width [pm]
~80 498 25 1o
Basilar membrane 138 573 up to 15 105
(excluding Organ of 126 418 1 106
Corti) 201.9 475.2 up to 14 93
Thickness [pm]
1.26 — 1.92 0.53 — 0.89 up to 13 93
1.46 — 1.51 0.2 - 0.96 1 106

Continued on the next page
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Table 2.1 — continued from the previous page

Component of

Measure N Refs
cochlea
Base Apex
Organ of Corti Height [pm] up to 15 93
66.02 62.69
Width (spiral ligament to spiral limbus) [pm]
Reissner’s 770 £ 180 18 94
membrane Thickness [pm]
6.4+ 2.6
Base Apex
Cochlear partition Width [pm)]
bridge 130 519 up to 15 105
228.6 499.2 up to 13 93
Base Apex
Width [pm)]
Osseous spiral 1143 ~400 up to 15 105
lamina 726.6 335.9 up to 13 93
Thickness [pm)]
1100 ~400 up to 15 105
. Length (along lateral wall) [mm] 107
Helicotrema 16 +009 14
Width [mm] Height [mm]
Scala tympani Base (0°) 2.5+ 0.3 0.9 £ 0.25 9 108
Apex (900°) 1.2+ 0.3 0.4+ 0.1
Width [mm] Height [mm]
Scala vestibuli Base (0°) 2.5+ 0.2 1.3+ 0.1 9 ™
Apex (900°) 1.3 + 0.3 0.5 + 0.15

2.3 Reproduction of cochleae

Models of the cochlea can be broadly classified into four categories: physical models,
animal models, tissue engineering models, and computational models. Physical models
are useful for investigating the mechanical aspects of CI insertion and the electrical

properties of the electrode-nerve interface.?%7492

These models are often created using
materials that mimic the mechanical and electrical properties of the cochlea and can be
modified to study the influence of specific parameters on CI behaviour. Animal models,

118-120 U are prevalent in CI research due to their

such as guinea pigs and chinchillas,?
ability to replicate physiological responses to stimulation, or damage. Tissue-engineered
models are created using living cells and could be potentially used to study the effects of
CIs on cells and tissues in more biologically realistic environments than 2D cultures on
tissue culture plastic. In general, tissue-engineered models are often constructed using

scaffolds that support the growth and organisation of cells into tissues. For cochleae,
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Table 2.2 Approximate values for the mechanical properties of different components of the
cochlea. Note values were derived from measurements of the specific tissues where possible.
OSL - osseus spiral lamina, BM - basilar membrane, RM - Reissner’s membrane

Component of

Rupture load [mN] Young’s modulus [MPa] Notes Refs
cochlea
Basilar Apical turn: 26 Apical turn: 6.4
membrane Middle turn: 33 Middle turn: 6.0 58 yrs, woman 109
Basal turn: 35 Basal turn: 9.7
Round window 564 9.8 69 yrs, man 109
membrane
Storage modulus (G’): 110
2.32 to 3.83
Loss Modulus (G”):
0.085 to 0.925
Reissner’s 4.2 34.2 58 yrs, man 109
membrane
Osseus spiral 10 cadaveric samples;
ous Spl 44 - 122 - OSL, BM, RM 11
lamina
measured together

Table 2.3 Approximate values for the electrical properties of selected anatomical elements of
the cochlea. *Based on similar ionic composition of cerebrospinal fluid and **saline.

Anatomical Element Con dfi:icxt;:;a[ISml] Refs
Perilymph 1.43% — 1.78%* 12,113
Endolymph 1.68 12
Stria vascularis 0.0053 14
Basilar membrane 0.027 - 0.375 43,114,115
Reissner’s membrane 0.0006 — 0.00098 43,114
Temporal bone 0.0156 116,117
Spiral ligament 1.67 114

122 and decellularised tissues'?? for cochlear

there have been examples of organoid cultures
tissue engineering although more extensive studies of producing replacement tissues have
been discussed for the middle and outer ear.'?*'2¢ Lastly, computational models are
increasingly being used to study the electrical and mechanical properties of the cochlea
and the effects of CIs on the auditory system.!'%127129 These models can be used to
replicate the complex biological environment of the cochlea in a more controlled and
reproducible manner and one that can be easily modified to study specific parameters.
Computational models could also be used to predict the performance of Cls in different

scenarios, such as differing electrode configurations or stimulation strategies.
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The aforementioned models often work in tandem as the acquired data from physi-
cal, animal, and tissue-engineered models can be subsequently fed into computational
simulation models to accelerate research and examine variables that would otherwise
be substantially time-consuming to study. These models play an imperative role in
validating computational simulations, as the simulations fail without their tangible data
and confirmation.

The following sections discuss various techniques to produce physical artificial cochlea
models and the utilisation of animal models, tissue engineering models, and computational

simulations.

2.3.1 Physical models

The development of an anatomically accurate model of the human cochlea is of great
interest to researchers studying the mechanical aspects of CI insertion (e.g., atrau-
matic implantation and insertion trajectories) and electrical properties in optimising
the electrode-nerve interface (e.g., simulating nerve activation with different stimulation
strategies and electrode positions). For example, having a model that can reliably measure
insertion forces and can register it with implant position over time (e.g., instantaneous
insertion depth) delivers information that can influence surgical practice. Studying the
behaviour of electrode arrays within the cochlea can improve CI design and introduce
an individualised approach by understanding how a specific implant might behave for a
given recipient based on their cochlear shape and size, allowing a personalised selection
of implants to possibly minimise insertion forces, optimised electrode position, or avoid
basilar membrane contact.

The properties of the artificial cochlea model may vary based on the experiment. For
instance, a transparent physical model with a smooth intracochlear lumen with embedded
sensors is required to evaluate the intracochlear pressure or insertion forces.!?:29:3%:130
The transparency of the model is essential as it allows direct visualisation of the implant

131 The insertion forces can be measured using a force sensor

30,131,132

behaviour during insertion.
that can be attached to the cochlear model (often multi-axis measurement),
between the electrode array and the insertion device (one-axis).?*!3* Alternatively, in the
case of an ‘open-channel’ artificial model (a model with only the basal turn of the ST
fully open at the top surface), the overall force at the location of the basilar membrane/
osseous spiral lamina can be measured with flat force sensor or membrane.!3

Nevertheless, in order to create these models, it is vital to understand the mechanical

and electrical properties of the cochlea. Table 2.2 displays key mechanical data that
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should be considered when fabricating an artificial cochlea. For instance, the load required
to rupture the basilar membrane, which is in the basal turn and apical turn about 35 and
26 mN, % respectively, is of great interest when mimicking cochlear implant insertion
as its penetration can result in the translocation of the cochlear implant into the scala
media and scala vestibuli, which is frequently associated with the loss of residual hearing,
and worse CI function.26:55:92,134-136

Additionally, if we are able to replicate the electrical properties (e.g., resistivity)
of the cochlear bone and its contained fluids (see Table 2.3), this would greatly help
in understanding current spread during cochlear electric stimulation. Having artificial
models can very significantly increase the number of repeated experiments that can

be performed in a standardised model, 8¢

as opposed to biological tissues, and thus
the robustness of any conclusions; these models are mechanically more durable than
cadaveric specimens and do not degrade quickly over time. Furthermore, the use of fixed
cadaveric tissues may alter the electrical and mechanical properties of the sample, and
the availability of fresh cadavers is often limited. Artificial models can also be altered to
change one parameter at a time in order to explore the influence of specific parameters
(this is further discussed in Chapter 5). However, replicating the electrical properties of
a cochlea has proven to be difficult. Artificial cochleae could be created from bone-like
material to better mimic in vivo tissue; nevertheless, these materials are yet to be fully
characterised for high-resolution additive manufacturing. One interesting solution is that
3D printing can be used to fabricate models with an appropriate size of embedded pores
filled with a conductive solution that would enable fine-tuning the electrical properties of
the material, /137,138

Several methods can be utilised for the development of artificial cochleae (see Figure 2.3
and 2.4).

Casting

For a long time, casting has been the prevalent technique for developing artificial

cochleae. Several studies have utilised polymethylmethacrylate (PMMA, often known

D132’139

as acrylic glass or plexiglass) as the casted material for the fabrication of 2 and

3D34:35,13L,133,139,140 i chleae models. The advantage of this material is its transparency
which provides good visualisation of the array’s behaviour during insertion. However, the

2D models offer only limited information as they lack the true three-dimensional form.5*

Rebscher et al. described a multi-casting process exploiting low-melting-point alloy
(LMA) and PMMA for the development of an artificial ST (see Figure 2.3).!3 They pro-



2.3 Reproduction of cochleae 23

Multi-casting of cochlea
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Figure 2.3 Workflow of corrosion casting method. This method uses curable resins that fill the
hollow otic capsule within the temporal bone, which is digested to leave the cured resin that
replicates the otic capsule space. Negative moulds utilise a double casting method, using the
initial cast as a mould which is subsequently removed to leave the hollow lumen of the cochlea.

duced multiple high-accuracy replicas of the same temporal bone by utilising vulcanising
silicone rubber, which functioned as a mould. Firstly, the PMMA was injected into a
dissected temporal bone and subsequently cooled down. To remove the ST cast from the
cadaveric specimen, the temporal bone was decalcified. Following that, the PMMA cast
was then covered by vulcanising silicone creating mould. After the curing process of the
silicone, the mould was carefully divided into two parts to release the original PMMA
cast. In the next step, LMA was poured into the silicone mould to create LMA-casted
replicas. Lastly, LMA casts were covered by PMMA. Once PMMA cooled down, the
LMA was released (lower melting point than PMMA) to fabricate a ‘block’ model of the
ST.

This process of multi-casting is relatively complicated and time-consuming, in addition
to the work needed for the dissection of temporal bones from cadaveric specimens.
Moreover, the number of fabricated models using Rebscher’s method is limited by
the number of dissected samples, and the models’ shape cannot be easily modified or
adjusted, as it is based on the anatomical specimen itself. Many studies have exploited
casted cochlea models from companies such as Advanced Bionics (AB), MED-EL or

Cochlear 8+ 135133141 However, dimensions and anatomic accuracy of these models can be
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Figure 2.4 Workflow of 3D printing and CNC machining artificial cochlea. (A) Registration
and segmentation of the otic capsule from micro-CT scans of the temporal bone can be used
to generate CAD files of the cochlear structure. (B) CAD files can be manipulated to make
various geometries for 3D printing. For resin-based 3D printing, scaffolding and slicing the
model are required prior to printing shape-accurate models. (C) CNC-compatible files can
be derived from cochlear CAD models that can be programmed to machine planar cochlear
models.

sub-optimal compared to other manufacturing techniques, although this has not been
systematically quantified yet.®*'3! As multi-casting involves many steps, each inherently
introducing a level of variability, it can be assumed that the anatomic accuracy will suffer
as small features could be difficult to reproduce.

In addition to producing cochlear models, corrosion casting has been used to study
various anatomical features of the cochlea. For example, Carraro et al. have used partial
corrosion casting to study the vasculature within the cochlea.!4®!43 By perfusing the

vasculature with a castable commercial resin, Mercox II, and digesting tissue, it was
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possible to preserve the vascular structure in mouse cochleae and study it with scanning

electron microscopy.

Additive manufacturing

Additive manufacturing, such as 3D printing, is now a well-proven technology that has
the potential to develop highly accurate artificial models of human cochleae. Nevertheless,
not all 3D printing techniques are suitable for developing such models. Firstly, some
3D printing technologies, such as fused deposition modelling (FDM) or selective laser
sintering (SLS), do not produce products with the level of detail required for cochlear
research. This is a result of the materials used as well as the nature of the technique.
SLS exploits a laser to sinter plastic particles (often nylon-based material) into a solid
structure. Although SLS does not require support generation during printing as the
powder supports the print, its limitation is the printing resolution, which is suboptimal
for prints of the inner ear very small size. FDM may utilise transparent materials (e.g.,
PLA); however, it fabricates products by heating a filament and building it layer-by-layer,
which may generate a step-like finish with a low level of smoothness. The printing
resolution is, therefore, significantly dependent on the layer’s height. This limitation
may further result in suboptimal transparency of the product as each layer scatters
light. Secondly, the cochlea anatomy is complex as it contains overhangs, tunnels, and
hollow structures, and its fabrication may require temporary supportive scaffolds. If the
supports are erected within the cochlea lumen, the smoothness of the inside structure
may be compromised. Following that, after the removal of the supportive scaffold, the
print is frequently polished to obtain better surface smoothness. However, due to the
complex anatomy and inaccessibility; this is not easily achievable in the cochlea.

Some 3D printing techniques such as stereolithography (SLA, see Fig-
ure 2.4 (B)),B3018LM0LI5 - qigital light processing (DLP),%® and polyjet printing
(PJP)34131 have been already exploited for the fabrication of the ST models with much
better accuracy (<401m).?® SLA and DLP are photopolymer-based technologies that
use ultraviolet light to cure resin (liquid plastics) into 3D prints. In the case of SLA, a
system of mirrors focuses the laser into a small spot that is subsequently moved over
the printing plane to cure each layer. A single accurate light source provides good
smoothness as each printed layer is merged with the previous one. In addition, the
layer-merging process also decreases the number of needed supports. DLP uses a
projector with UV light to cure the whole layer at once, which enables faster printing
but might produce a step-like finish with a too-high layer height. For SLA and DLP, the
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printed product must be further processed after the printing by washing in isopropanol
and curing using a UV-light chamber to obtain the highest possible quality. The optimal
printing quality of these techniques comes with a trade-off, as the only supported
materials are photopolymer-based. Furthermore, SLA and DLP enable the printing of
the product from one material only. However, for example, the material’s conductive
properties might be tuned by introducing microchannels or pores for modifying the
electrical conductivity of the used construct when studying CI stimulation electrical
properties.™

PJP techniques, on the other hand, allow the printing of multiple materials at once
and, thus, fabricating products with various mechanical properties (e.g., flexible and
rigid). It exploits thermoplastics that are heated and then deposited on a platform layer-
by-layer in the form of droplets using multiple print heads. Moreover, the supportive
scaffolds can be printed out of soluble materials, which are easier to remove than SLA
and DLP supports which are made of the same materials as the print.

Leon et al. used both PJP and SLA printing techniques to fabricate an artificial
model of ST and compared them to models from CI companies MED-EL (SLA printed),
AB (multi-step casting) and Cochlear (2D planar model).'*! They observed that the
measured insertion forces in the SLA model were similar to Cochlear’s model, which
demonstrates good inner surface smoothness. However, the PJP model demonstrated
even lower insertion forces than the SLA printed model, implying an improved internal
surface finish. The disadvantage of the PJP model was its semi-transparency which was
not optimal for successful visualisation of the implant behaviour during insertion. Hence,
they recommend the SLA technique due to its ability to fabricate transparent models.
However, PJP technique can achieve enhanced transparency with the use of appropriate
material, for example, VeroClear (Stratasys).!4

It is important to bear in mind that 3D printing capabilities progress rapidly. Several
new materials are developed each year, enhancing 3D printing abilities and providing
new avenues for prototyping.'4"14® Hence, different 3D printing techniques can be rec-
ommended for the fabrication of artificial cochlea each year as the material’s selection

vary.

Other manufacturing methods

Some studies have used 2D polytetrafluorethylene (PTFE) artificial cochleae.'®? This
material was used due to its low friction coefficient, which was found to be comparable to

the slippery endosteum of the ST.14%159 These models can be prepared by using computer
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numerical control (CNC, see Figure 2.4 (C)) machines that carve the material in a 2D
plane using precise drills. Although the PTFE material provides optimal smoothness of
the internal surface of the model, the lack of the third dimension significantly alters the

electrode array’s behaviour during insertion.3*3!

Electro-acoustic models

As there are many aspects of cochlear physiology that are of interest to researchers, there
are a variety of different models to replicate these different aspects. In addition to the
physical ones mentioned above, some have investigated modelling electro-acoustic aspects
of the cochlea. These typically attempt to replicate the sensory epithelium of the cochlea
using electro-active materials such as piezoelectric membranes and micromechanical
systems.!?115° Replicating the high-frequency selectivity (20 Hz — 20 kHz) and sensitiv-
ity, sound pressure level range (0 — 140dB SPL) as well as the small size and power
requirements of the human cochlea, presents a substantial technical challenge; however,
work continues towards the aim of restoring the range and specificity of natural hearing
with CIs.'?®17 This may involve atraumatic insertion covering the full extent of cochlear
spiral and an increasing specificity of the neural activation. Currently, devices have
demonstrated some limited tonotopy within the range of human speech, typically in the
~ 1.4 — 14kHz range with rather high 70 dB+ sound pressure levels.'®®!5* Other reports
have used alternative methods such as triboelectric devices to detect lower frequency
ranges from ~ 300 — 2000 Hz in in vivo conditions with Guinea pigs'®® with idealised

conditions in other studies lowering the minimum frequency to the tens of hertz.!>

2.3.2 Animal models

Animal models are well established in CI research and have benefits as models in
replicating the complex structure of the cochlea and its constituent tissues. By conducting
in vivo experiments, it is possible to use the features of intact myelinated primary auditory
neurons/ spiral ganglion neurons within the cochlea, an immunological response which
is important in understanding chronic issues such as fibrosis and ossification,®”16%16
and potential for conducting some behavioural studies and measuring electrically evoked
potentials'®?716° to conduct a wide range of CI studies to understand the Cl-nerve
interface.

However, there are several considerations in the applicability of different animal

models for human CI research in terms of their anatomy and physiology. The cochlea
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varies in size, shape, and complexity among different species, with differences in the
length, width, and number of turns.”166:167 Although the overall scalar structure is largely
conserved in mammals, the overall shape and size do not scale linearly with overall body
size, indicating that factors other than body size determine the cochlea’s structure.!%
As most animals have much smaller cochleae than humans, smaller custom-made CIs
are required, which increases the complexity of conducting and extrapolating results
from animal models.?®168169 Furthermore, the structure of the cochlea will determine
the spread of the electric field from the CI and, hence, the neural activation which limits
their effectiveness in answering some of the key questions in the CI field such as the
spread of neural activation to different CI parameters.

Several different animal models have been used for studies that are interested in
structure-related parameters and CI implantation. Reiss et al. review the extensive
use of rodent models—such as mice, rats, gerbils, guinea pigs, ferrets, and chinchillas—
in CI research due to their availability, potential for instrumentation, and established
gene-editing tools in the case of mice and rats.” Guinea pigs, in particular, have been
extensively used due to their wide availability, their inner ears being easy to access, and
their cochleae being more comparable to the human cochlea in several physiological
aspects.08:1187120.170 Chinchillas have been considered an even better model due to the
similarities of their cochlea to humans with regards to its number of turns, hearing
range, and sensitivity.'?! Cats are the most popular non-rodent model due to their
basal turn being of a similar size to human cochlea,”™ although, the overall shape and
size of their cochleae differ significantly from humans. Moreover, the lack of myelin in
the soma regions of human type I primary auditory neurons causes a delay in spike
conduction compared to cat neurons,'” which can impact the transmission of temporal
fine structure of auditory signals in the human cochlea. Larger animal models include
sheep!™ and miniature pigs®® as well as marmoset'®” and rhesus macaque monkeys.” '™
These models more closely resemble the size of human cochleae, with the marmoset
cochlea demonstrating the highest similarity when scaled up by a factor of 2.5.157 While
this enables partial implantation of clinical electrodes, marmosets and similar models are
less readily available than small rodents. Furthermore, they do not effectively reproduce
many unique characteristics of human cochleae that are absent even in other primates.'™
For comparison, the ratio of the volume of the human cochlea to different animal cochleae
is as follows: mouse 80 — 100 : 1, rat 20 — 25 : 1, gerbil 5 — 6 : 1, cat 2 — 3 : 1, macaque

2 -3:1, and sheep ~ 1.7:1.73
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It is important to consider that the use of animal models is complementary to
measures that can be conducted in human patients and cadaveric tissues. For instance,
several studies have characterised the electrical properties™ ™ and conducted CI insertion

studies 40,175,176

in both fresh-frozen and fixed human cochleae. Furthermore, many
electrophysiological and psychoacoustic measures have been developed to test the CI-
nerve interface in humans. These include contact impedance and trans-impedance

177119 glectrically-evoked compound action potentials (eCAPS),80-182

measurements,
and electrically-evoked auditory brainstem responses (eABR)'™18 which enable the
evaluation of CI electrical characteristics (including fibrosis, positioning, and electrical
faults), cochlear neural activation patterns, and propagation of the CI stimulation to
the brain, respectively. However, human studies do not allow us to systematically test
numerous parameters in the same experiment, such as electrode position, stimulation
parameters, pulse shapes, the geometry of the cochlea, and electrode design, size, and
shape, which are much more possible in other models.

In conclusion, animal models are valuable in conducting validation of CI techniques
and the systemic responses to CI implantation. However, the limitations of these different
models should be considered, especially in light of reducing animal use and used in

conjunction with human measures and other models, as will be explored below.

2.3.3 Tissue engineering

Several animal models have been utilised to study the cochlea and develop strategies to
improve CI performance. Yet, it remains unclear how to improve electrical stimulation
and how different stimulation strategies could affect neural excitation. This necessity led
to the use of tissue engineering in the hearing field.

Tissue engineering is a set of methods that can replace or repair damaged or diseased
tissues with natural, synthetic, or semi-synthetic tissues which can be fully functional or
will grow into the required functionality.'® These methods could, in theory, be utilised
for replicating the complex three-dimensional cellular architecture of the cochlea in wvitro.
Furthermore, they could serve as useful platforms for studying cellular viability and
expression in various conditions.

Two important cell types in the cochlea are hair cells (HCs) and primary auditory
neurons (PANs), also known as spiral ganglion cells (SGNs). In the mammalian cochlea,
HCs serve to sense the mechanical movement, amplify it and transmit this signal to the
auditory nerve.'®¥7 PANs act as the neural conduit transmitting cochlear HC signals

to the brain.'®®
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Some research has focused on culturing auditory cells obtained from animals or
differentiated from induced pluripotent stem cells (iPSCs). Much work has been conducted
in vitro, which mostly use mouse, rat, and guinea pig sources for auditory HCs and PANs.
Although it has been quite challenging to obtain these cells in significant numbers and
maintain them over time, especially when requiring specific purified cell populations,
recent studies have demonstrated some success.'819 A few studies have progressed to
generating human inner ear cells (e.g., IHCs and OHCs) from iPSCs.!?' 193 Differentiating
PANS has posed a significant challenge due to considerations involving electrical activity,
firing potentials, the presence of appropriate ion channels, and gene expression profiles.

While in wvitro models have facilitated the understanding of cellular mechanisms
within the cochlea, they are limited in replicating the complexity of the in vivo micro-
environment.

By combining data from the flexibility and specificity of in vitro experiments, system-
atic effects and replication of live structures of in vivo studies, and the clinical relevance
of cadaveric studies, much has been learned about the cochlea and the impact of Cls.
However, as all of these approaches have their limitations, there is an unmet need for in
vitro platforms for hearing research. The cellular and molecular aspects of the cochlea
could be integrated into a 3D model, which would complement the limitations of the
previous models. This in vitro platform could mimic the main functional aspects of
the cochlea, including the current spread profile. If incorporated as a host to human
iPSC-derived cells, this model would not only reduce the time and cost required for
testing but also eliminate the need for animal experiments to study cochlear biology and
determine the efficiency and reliability of new drugs or technologies, e.g., Cls, for hearing

research.

2.3.4 Computational models

There is a large field of computational audiology that has been used to effectively model
several aspects of the cochlea which I will briefly overview in this review. In terms of
modelling physical aspects of the cochlea, these can broadly be categorised as electrical
and mechanical models.

Electrical models of the cochlea are focused on optimising the electrical implant-nerve
interfaces that underlie the function of a cochlear implant and have been reviewed exten-
sively by others.!?4"19 These models primarily consist of two main aspects: 1) modelling of
the electrical voltage spread within the cochlea, and 2) biophysical and phenomenological

models of the neural excitation of auditory nerve fibres.
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For the 3D electrical characteristics of the cochlea, there has been extensive work in
developing finite element models of the electrical stimulation of cochlear implants that
have been established by the groups of Frijns and Rattay.!'*'?” These have gradually
increased in complexity from simpler parametric representations of the cochlear spiral to
micro-CT based models that also incorporate the trajectories of auditory neurons.!16-197:198
As well as understanding the electrical properties of the cochlea, these finite element
models have also been utilised for impedance-guided insertion to determine the CI
positioning within the cochlea from electrical measurements.!”® These finite element
models can be coupled to multi-physics simulations such as thermal safety analyses of
intracochlear heating with magnetically steered CIs.'® As an alternative to finite element
models, simpler circuit models of the cochlea have been developed, such as ladder network
models, to model specific phenomena.?%

Biophysical models of neural activation are extensions of the foundational work of
Hodgkin and Huxley.?°! As discussed by Bachmaier,? the use of multi-compartmental
biophysical models of myelinated nerve fibres is able to replicate many phenomena
observed in patients such as the sensitivity of the auditory nerves to the polarity of
stimulation.!?7-202:203

In contrast to the biophysical approach, phenomenological models do not rely on
specific biophysical mechanisms and derive empirical relationships based on neurophysio-
logical and psychophysical observations.?** Due to the much-reduced parameter space,
this approach allows the efficient modelling of complex phenomena that can be adjusted
to individual CI patients and has proven effective at predicting and explaining a diverse
range of auditory phenomena.?%4206

Combining the 3D volume conduction models with neuronal models can be a com-
pelling method to investigate the effect of various parameters of the electrode-nerve
interface for ClIs. These enable the investigation of the effect of different stimulation
parameters and positioning on auditory nerve fibre activation.!'%117197:19 Recent studies
have demonstrated the coupling of neural activation from these models to an auto-
matic speech recognition neural network to predict phoneme-level speech perception and
information transmission.®’

The mechanics of the cochlea have been extensively studied since the pioneering work
of von Békésy.!'> The extensive work in the mathematical and computational modelling
of the basilar membrane micromechanics that underlie the mechanism of acoustic hearing

is reviewed by Ni and colleagues.'?® Finally, mechanical models can provide insight into
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the insertion forces during cochlear implantation, which can lead to significant trauma
and inflammatory response, damaging residual hearing.'*

In conclusion, computational models can be powerful tools to facilitate the under-
standing of the physical phenomena within the cochlea. However, these models require
the correct inputs for measured quantities that can often be difficult to derive and need
validation with experimental data to ensure that the model is accurate.

Tables 2.1, 2.2, and 2.3 summarise some of the essential information regarding
cochlea physical, electrical, and mechanical attributes that can be used for computational
simulations.

Table 2.4 concisely outlines the benefits and drawbacks of the different types of

artificial cochlea models examined in this study.

Table 2.4 Advantages and disadvantages of discussed types of artificial cochlea models.

Advantages Disadvantages
Physical models Systematically m(?dlﬁable lelted. tr.auma
and reproducible prediction
Suitability for testing

Difference in cochlear

Animal models physiological and inflammatory anatomy and physiology

responses in vivo

Limited replication
of human cochlear
microenvironment
Requires validation and
accurate parameterisation,
difficult to model complex
non-linear behaviours

Possibility of manipulation

Tissue engineering and reproducibility

Systematic modification,
Computational models flexibility,
integration of multiple models

2.4 Future perspectives

Future research will focus on developing anatomically accurate artificial cochlea with
embedded force and pressure sensors to detect insertion forces that arise during CI
implantation. Preserving the residual hearing will aid the further development of EAS
implants as natural acoustic stimulation is yet to be exceeded in performance by the
electrical stimulation. Additionally, these models could also be utilised for studying inner
ear therapeutics and drug delivery systems. Accurate, transparent cochlea models could
help precisely determine the pharmacokinetics of drugs delivered inside the inner ear and
their spread over time.

Combining cell-based models with animal models can lead to a more comprehensive

understanding of CIs and improve the design of safe and effective treatments for auditory
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disorders. Cell-based models can be used to simulate the electrical and mechanical
properties of the cochlea and to study how different stimulation parameters affect the
auditory nerve. This information can then be used to guide the design of animal
experiments, such as determining the optimal stimulation parameters to use in vivo.
Animal models can be used to validate and refine the cell-based models and verify their
accuracy in replicating the in vivo response of the cochlea to Cls. A cell-based 3D model
of the cochlea could play an important role in understanding the pathophysiology and
aetiology of auditory disorders as well as allowing the interpretation of electric fields of
the electrode arrays of Cls in the cochlea by bio-mimicking the true cochlear physiology.
Despite the limitations of animal models, they still have advantages in certain areas, such
as tracking the systemic response to cochlear implantation and aiding in the development
of new therapeutic approaches to mitigate potential adverse effects.

The data from in vivo and in vitro experiments enables us to validate and inform
the design of computational models to understand the mechanisms of the Cl-auditory
nerve interface. These computational models have increased in complexity over the last
20 years in development to combine finite element models with auditory nerve models to
test a variety of clinically relevant parameters and help devise new stimulation strategies.
Further development in this field may enable personalised approaches to replicate an
individual’s specific cochlear anatomy and CI interface to improve their performance
rather than generic procedures. Additionally, the dynamic time-dependent component of
CI stimulation, rather than purely resistive finite element models, could allow further
insights into the validity of using specific stimulation parameters to improve focused
auditory nerve stimulation.

Ultimately, by combining the insights from patients, cadavers, animals, in vitro
experiments, physical models, and computational models it is possible to account for
their individual limitations and build a more comprehensive understanding of optimal CI

application for patient benefit.

2.5 Conclusion

The elaborate and intricate structure of the human auditory system is a marvel that
cannot yet be matched by modern engineering. However, understanding the cochlear
structure and how to interact with the delicate system is crucial in addressing huge
challenges in otology and audiology. Improving models and understanding the cochlea will

lay the foundation for developing the next generation of Cls and future inner ear therapies.
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These implants and treatments should address the major challenges of insertion trauma
and current spread to preserve cochlear health and residual hearing while conveying high
sound fidelity by improving the spatial selectivity of stimulation.

Furthermore, understanding the variability of cochlea’s anatomy and its effect on
insertion parameters and CI performance could open up the capability of personalised
approaches for individual cases to deliver optimal patient outcomes. Addressing these
challenges will widen the eligibility for cochlear implants and improve the lives of the
growing proportion of people suffering from hearing loss.

Ultimately, a 3D in vitro model of the cochlea with integrated auditory cells would
revolutionise the study of various features of the inner ear to support the development
of new technologies and the validation of computational simulations and drug-based

therapies.
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3.1 Introduction

The World Health Organisation reports that 466 million people worldwide are affected
by hearing impairment, which is the most common sensory deficit. The loss of hearing
can have a dramatic effect on a person’s quality of life, leading to social stigmatisation,
isolation, psychological issues, loss of career opportunities, difficulty in relationships and

210-212

communication, and a higher incidence of depression,?’” 2% dementia, and overall

mortality.?!3214

CIs have revolutionised the treatment of severe to profound hearing loss by electrically
stimulating the cochlear nerve and bypassing normal hearing mechanisms. Despite their
benefits, CIs have limitations in terms of their clinical effectiveness and the number
of people who can use them. One of the challenges of CI insertion is the mechanical
trauma it generates, which can result in intracochlear tissue damage and an ongoing
inflammatory response that can harm residual acoustic hearing.?%176:215 Preservation of
this hearing is important, as it can enhance the benefits of combined electro-acoustic
stimulation and expand the eligibility of patients for Cls.

Several factors may contribute to the occurrence of cochlear trauma during implan-
tation, including the surgical approach, electrode design, and the interaction between
these factors. Two main surgical approaches are utilised for cochlear implant insertion:
RW approach and cochleostomy (CO) approach. Additionally, various types of cochlear
implants, such as lateral wall (LW) and perimodiolar (PM) implants, can influence the
risk of intracochlear trauma during surgery. Understanding the relationship between
these factors and cochlear trauma is essential to refining surgical techniques and implant
designs, ultimately leading to improved patient outcomes. The Eshraghi et al. scale
serves as an important tool for categorising trauma levels in cochlear implantation proce-
dures.?!% This scale enables researchers to systematically evaluate the occurrence and
severity of trauma and its potential implications for patient outcomes.

To investigate factors such as insertion speed, insertion depth, and the implementation
of semi-automated or fully automated insertion techniques, which influence insertion force
(IF) and intracochlear pressure (IP) changes, researchers have employed physical artificial
models (e.g., scala tympani or combined-scalae cochlea models fabricated from plastic or

86,141,176,217-225 29 in their studies.

similar materials) as well as computational simulations!
These models provide a controlled environment for observing and measuring the IFs and
transient IP changes that arise during CI insertion. However, as artificial models do not

normally contain the flexible membranes (basilar and Reissner’s) separating the individual
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scalae, the findings in these models should be accepted with caution.??® It is important
to consider data from cadaveric specimens and also from histologic examinations in order
to correlate insertion trauma location with the rise of IFs and IP.%6:176:215.227 Ty truly
understand the impact of CI insertion on residual hearing preservation, it is crucial to
consider both artificial models and cadaveric specimens.

In an effort to improve CI technology and reduce mechanical trauma during the

132,219,228-230 41 4

implantation process, researchers have explored using different lubricants
optimising insertion speed.'??'" By lowering the friction between the implant and the
cochlear wall during insertion, it is possible to minimise IFs, thus reducing the potential
for tissue damage and, in theory, preserving residual acoustic hearing. Furthermore,
optimising insertion speed might help to mitigate transient IP changes, which may
be important for both preserving hearing and not damaging the vestibular (balance)
structures.?3!

This systematic review aims to provide a comprehensive overview of the current
understanding of CI’s IFs and IP and their impact on the preservation of residual hearing.
An analysis of the existing literature on the measurements of IFs and IP in artificial
cochlea models and cadavers, the impact of insertion speed, depth of insertion, and the
use of robotic assistance during implantation is performed. Lastly, the review evaluates
collected literature concerning cochlear trauma associated with varying surgical methods

and types of cochlear implants.

3.2 Materials and methods

The study was prospectively registered in the PROSPERO database of systematic reviews
for human (CRD42021246926) and animal studies (CRD42021247348).

3.2.1 Study criteria
Inclusion criteria

The types of studies included: any experimental study describing IFs in cochlear im-
plantation. This includes: case control, case series, randomised controlled trials, animal
studies (live, explant, in vitro). All animal models (live, explant, in vitro, all species, all
sexes) implanted with a cochlear implant. All studies (live and cadaveric) assessed the

insertion trauma or force resulting from cochlear implantation.
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Cochlear implantation — primary outcome assessed will be insertion force measurements
(mN) obtained in artificial, cadaveric, and animal models for all brands of cochlear implant

with respect to different conditions such as:

o Audiometry measures of hearing preservation

o Evoked potentials in response to auditory stimuli

o Hydrostatic pressures measured in the inner ear during insertion
« Variation in cochlear size

« Variation in cochlear shape

« Speed of insertion (if measured)

« Shape of implant tip (if recorded)

Exclusion criteria

The types of studies excluded: review articles, though reference lists will be searched;

case reports and studies with insufficient data.

3.2.2 Search strategy

The search was conducted on 03/04/2021 through the following databases: MEDLINE,
Embase, Cochrane, Scopus, and Web of Science. The searches were re-run and confirmed
to be up to date on 23/04,/2023.

The search strategy for MEDLINE was used as a template on which further strategies
were developed for the different listed databases. The literature referenced by identified
publications was reviewed to screen for further appropriate studies. The search strategy

was as follows:

1. Cochlear Implants/ or Cochlear Implantation/

2. (“cochlear implant*” or “cochlear device®” or “cochlear electrode*” or ”cochlear
array™”).ti,ab,kw.

3. “insert*”.ti,ab kw

4. (“force” or “impact” or “speed” or “pressure”).ti,abkw

5. (“insert™” adj2 (“force” or “impact” or “speed” or “pressure”)).ti,ab kw

6. 1or2

7. 5and 6

8. (“insert™” adj5 (“force™” or “impact™” or “speed®” or “pressure*”)).ti,ab,kw

9. 6 and 8

The MeSH terms used on MEDLINE were ‘Cochlear Implants’ and ‘Cochlear Implan-

tation’.
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3.2.3 Study selection

Two authors independently screened the titles and abstracts of all search results generated
by the strategy. The full texts were considered by both authors independently with

respect to the inclusion and exclusion criteria.

3.2.4 Data extraction and management

A standardised spreadsheet was used to guide data extraction from our included publica-
tions. Data was extracted from text, tables and diagrams within the included publications

in the following domains:

1. Reference details
2. Study design
3. Intervention details

4. Outcome measurements

3.2.5 QOutcome measures

The primary outcome measure was force during cochlear implant insertion. The sec-
ondary outcome measures included hearing threshold levels, auditory evoked potentials,

histological damage to cochlea.
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Identification of new studies via databases and registers Identification of new studies via other methods

Records removed before screening:
Records identified from: Duplicate records (n = 1,136)

Records identified from:

c
=
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= Wrong publication type (n = 110) = Reason3 (n = NA)

Wrong study design (n = 72)

New studies included in review
(n=125)
Reports of new included studies
(n=0)

Included

Figure 3.1 PRISMA flowsheet showing number of search results. The figure was generated
using the PRISMA Flow Diagram tool.?3?

3.2.6 Statistical processing and meta-analysis

Statistical analyses were performed using MATLAB (MathWorks). An unweighted two-
sample t-test was employed when the number of studies in each group was unequal, while
a weighted t-test was utilised when the groups had an equal number of data points. The
significance level for the data was set at p < 0.05. To obtain data at specific insertion

depths from diagrams, WebPlotDigitizer®*® was employed.

3.3 Results and discussion

3.3.1 Effect of insertion speed

The analysis of the effect of insertion speed on cochlear implant IFs and IP revealed a
trend in studies performed in artificial models: higher insertion speeds are associated
with increased IFs and higher IP (Figure 3.2 (B)). However, this effect was not confirmed
in cadaveric studies (see Tables 3.1 and 3.2). The variability in results between the
cadaveric and artificial studies might be partly attributed to the larger number of studies
in artificial category compared to those conducted on cadaveric specimens. Among the

latter, only two studies were conducted using fresh temporal bones, one focused on IFs
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and the other on IP. In the study by Kaufmann et al.,'™ insertion speed did not appear to
have a substantial effect on the observed maximum forces in either artificial or cadaveric
test specimens, likely due to the low speed range tested. The chosen insertion speeds of
0.1, 0.5, and 1.0mms~! represented the low end and average of typical reported manual
insertion speeds, as well as constant, robotics-assisted speeds below human limits. The
lack of a strong correlation between insertion speed and insertion forces in this study
could be attributed to the limited speed range examined.

Figure 3.2 (B-I) illustrates the relationship between IF and insertion speed in artificial
cochlea models using linear regression for each study separately. This approach was
chosen because of the numerous variables, such as friction, insertion depth, and cochlear
implant type and brand, that contribute to IFs, and are very heterogenous between
studies. Consequently, studies could not be directly compared, and the trends were
analysed individually for each study rather than creating a single trendline for all studies.
The impact of varying insertion speeds on mean intracochlear pressure was investigated
by only two studies which were fitted with linear regression to highlight the trend (see
Figure 3.2 (B-1I)). As with the analysis of IFs, generating a trendline across all studies
for mean pressure would not be appropriate, given the differences in artificial cochlea
models, round window or cochleostomy openings, and cochlear implant types and brands
used in each study.

The pressure measurements in cadaveric specimens for speed analysis were obtained
using intracochlear measurements, which included the pressure in the scala vestibuli
and scala tympani. The resulting trans-membrane intracochlear pressure difference was
calculated as the difference between the pressure in the scala vestibuli and scala tympani
during insertion. In contrast, measurements in artificial models primarily focused on the
mean pressure during insertion. This was measured in the scala tympani (or in the lumen
where the implant was inserted, as some studies used artificial cochlea models that had
all scalae fused together), mean amplitude, which was obtained by measuring three to
five largest changes and averaging these values, or peak frequency, which represented the
number of peaks over the time of insertion (Figure 3.5). As observed by Banakis Hartl and
Greene, the dynamic measurement of intracochlear pressure enables the quantification of
alterations independent of the fluid volume displaced, while static pressures are directly
influenced by the fluid volume displacement resulting from electrode insertion into the

234 The discrepancy in pressure measurement methodologies between

intracochlear space.
cadaveric and artificial studies may stem from the fact that artificial models lack flexible

membranes that adequately replicate fluid dynamics observed in cadaveric specimens.
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Figure 3.2 Impact of insertion speed on insertion forces and intracochlear pressure. (A) Studies
were done in cadaveric specimens. The study of intracochlear pressure was evaluated using a
nonparametric regression technique called Locally Weighted Scatterplot Smoothing (LOWESS).
(B) Studies done in artificial cochlea models. The impact of insertion speed on insertion force
is displayed in the logarithmic y-axis; hence, the linear regression lines appear curved. The
colour corresponds with the study, and the points and error bars represent mean and standard
deviation., except in the case of cadaveric intracochlear pressure measurement, where these
represent the median and interquartile range.

3.3.2 Depth of insertion

Figure 3.3 presents the effects of angular insertion depth and insertion distance on

IFs in studies conducted on both cadaveric specimens and artificial cochlea models.
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The IFs displayed are the maximum forces reported in these studies at the specified
depths/distances. It is essential to note that intracochlear pressure measurements are
not included in this analysis, as pressure typically equalises rapidly during insertion.
Consequently, changes in pressure with the final implant position within the cochlea
are minimal, and such data are often not included in studies. Nevertheless, the rate of
pressure equalisation is highly dependent on the size of the round window or cochleostomy

224,235,236 55 discussed in the previous section. This factor could lead to slower

opening,
pressure equalisation during insertion and thus observable IP changes at varying insertion
depths.?* Following this, Ordonez et al. reported possible higher pressure levels with
deeper insertions, attributed to decreasing volume of scala tympani at deeper levels.?3”
This effect may be exacerbated if the round window or cochleostomy opening is small
and intracochlear fluids cannot escape. Presumably, this will also be influenced by the
impedance of the helicotrema. Banakis Hartl et al. highlighted the estimated external ear
canal pressure values recorded during electrode insertion reached peak levels that would
be equivalent to acoustic levels as high as 170 dB sound pressure levels.?* True acoustic
pressures this high would certainly be detrimental to human hearing. However, it is not
immediately clear if this conversion is actually a valid measure of the damaging effects, as
it also depends partly on the time course of the pressure change. Lastly, Mittmann et al.
reported that as insertion depth increased, both the number of pressure peaks and the
amplitude size diminished.?® The authors attribute this decrease to the increased stability
and reduced intracochlear electrode movement as the depth of insertion increases. The
Advanced Bionics 1J electrode array used in the study has a large area of contact with the
lateral wall, which could reduce IP changes by providing stabilisation and less movement
at the lateral wall. However, the study has limitations due to its artificial cochlear
model, which may not accurately represent the in vivo situation. The resistance of
the artificial model, the size of the round window opening, and the absence of natural
pressure equilibration pathways may influence the observed IP. Further research with
limited variable factors and different electrode array characteristics is needed to better
understand the relationship between insertion depth and intracochlear pressure changes.

Recognising the significance of using angular insertion depth rather than insertion
distance in measuring IFs is crucial. Insertion distance is measured based on the cochlear
implant position in relation to cochlea’s entry point; for example, a fully inserted 20 mm
long cochlear implant would have an insertion distance of 20 mm. However, a 20 mm
insertion into a small cochlea results in a significantly deeper angular insertion compared

to a large cochlea. Angular insertion depth provides insight into the size of the implanted
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cochlea and offers information about the implant’s location relative to the cochlea.®® By
measuring IFs against angular insertion depth, comparisons within the literature become
more meaningful.

All studies in Figure 3.3 utilised lateral wall cochlear implants. This is because lateral
wall implants generally exhibit a similar IF profile due to the compounding of IFs during
insertion. If the cochlear implant follows the lateral wall, the IF profile resembles an
exponential function (see Chapter 5).%¢ Perimodiolar cochlear implants often do not
fully adhere to the contacted wall (in this case, the perimodiolar wall), as they have
preformed shapes, resulting in a significantly different insertion profile that cannot be

141,238 Tnterestingly, no study adhering to

directly compared with lateral wall implants.
the systematic criteria was found that directly contrasted the IF profiles of perimodiolar
and lateral wall cochlear implants.

A trend suggesting an increase in IFs with greater insertion depth is apparent in both
cadaveric and artificial studies, as shown in Figure 3.3 (A) and (B). This trend, however,
is less evident in artificial cochlea studies considering insertion distance. Although linear
regression trendlines were computed for each study category, they do not account for
potential influencers such as cochlear implant brand, implant lubrication (or other implant
surface modification), steering techniques, or cadaveric specimen freshness. These factors,
which can significantly impact IFs, may explain the discrepancy observed in studies.

In the pool of investigated studies, only two have examined alterations to the scala
tympani environment or modifications to the surface of cochlear implant electrodes, both
in artificial cochlea models. Kontorinis et al. investigated the effects of modifying the scala
tympani environment with alginate and the surface of CI (perimodiolar) electrodes with
brain-derived neurotrophic factor (BDNF)-producing fibroblasts on insertion forces.?!”
Alginate was used as it can serve as an intracochlear drug delivery system, and different
concentrations were tested to identify the most effective ones in reducing insertion forces.
They found that 50 % alginate/barium chloride gel significantly decreased the insertion
forces compared to the control groups. Following that, the BDNF-producing fibroblasts
coated CI electrodes resulted in lower insertion forces compared to plain electrodes.

In the study by Hugl et al., two ultra-high viscosity alginate-cell-based drug delivery
strategies were tested in artificial cochlea model to improve CI therapy.?*® They found
that the alginate created a flexible, mechanically soft surface, shielding the hydrophobic
silicone of the Cl-electrode. The coating increased the volume of the electrode arrays
by about 20 %, which could impact intracochlear pressure and perilymph displacement.

Despite variations in coating thickness, the alginate coating appeared to reduce incidences
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of buckling and tip fold-over during insertion, possibly due to reduced friction and better
force distribution. The authors suggest that the hydrophilic nature of the alginate coating
may have additional benefits for CI outcomes, such as reduced surgically-induced trauma,
decreased foreign body reaction, and protection of inner ear tissue and residual hearing.

Nevertheless, these studies present several limitations, including their limited scope,
reliance on artificial models, variation in coating materials and techniques, and a lack of
long-term data on implant performance and patient outcomes. Research addressing these
limitations is necessary to provide conclusive evidence on the effectiveness and safety of

such techniques in clinical practice.
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Figure 3.3 Impact of insertion depth on the IFs measured in cadaveric specimens (A) and in
artificial cochlea models (B) with angular insertion depth in degrees and insertion distance in
mm. (B-II) has y-axis with a logarithmic scale. The colour corresponds with the study, and
the points and error bars represent the mean and standard deviation.



Table 3.1 Summary of intracochlear pressure measurements in studies using artificial cochlea models. The primary measurements
include mean pressure during CI insertion (measured in the scala tympani or in the lumen in cases where the implant was inserted
into models with all scalae fused together), mean amplitude (calculated by averaging three to five of the largest changes), and peak
frequency (indicative of the number of peaks over the course of the insertion). The term ‘Robotic?’ denotes the use of semi-automatic
or automatic systems (e.g., stepper motor) during the insertion process. Term ‘Steering?’ refers to the regulation or control exerted
over the CI during insertion. Values are presented as (mean =+ standard deviation) where data allowed. LW - lateral wall CI;
PM - perimodiolar wall CI; N - number of insertions.

Author Presl\!f;“[r,a] Amplitude [Pa) Freqieeilzy L [[Snp:)‘“;‘;] Robotic?  Steering? CI Type CI Brand N Model
(148 £ 13) - . 0.1 Y N W MED-EL 10 Artificial

(150 = 7) - - 0.5 Y N LW MED-EL 10 Artificial

(159 =+ 4) - - 1 Y N LW MED-EL 10 Artificial

(167 % 5) - - 1.5 Y N LW MED-EL 10 Artificial

182 + 5 - - 2 Y N LW MED-EL 10 Artificial

Dohr et al. 2022210 ((169 + 19)) . . 0.1 Y N LW MED-EL 10 Artificial
(165 =+ 5) - - 0.5 Y N LW MED-EL 10 Artificial

(171 + 8) - - 1 Y N LW MED-EL 10 Artificial

(169 + 4) - - 1.5 Y N LW MED-EL 10 Artificial

(180 + 6) - - 2 Y N LW MED-EL 10 Artificial

. 222 - (14 £ 5) (6.4 = 0.4) 0.5 N N PM HiFocus Midscalar AB 5 Artificial
Mittmann et al. 2018 B (8 + 1) (8.2 + 0.2) 0.5 N N LW LW prototype 5  Artificial
: - 35 £ 16 18 + 2 0.5 Y N W HiFocus 1J AB 3 Artificial
Mittmann et al. 20177 . ((27 + s)) El4 + 2; 0.5 Y N LW HiFocus 1J AB 3 Artificial
. 115 £ 7 12 £ 9 12 =1 0.48 N N LW Slim Straight Cochlear 5 Artificial
Mittmann et al. (A) 201729 ((149 + 20)) 551 + 93 Em + 13 0.48 N N PM Nucleus 24 Cochlear 5  Artificial
(96 £ 19) (24 £ 11) (a1 £2) 05 N N W HiFocus 1J AB 5 Artificial

Todt et al. 2017225 (109 + 31) (13 + 13) (4 +1) 0.5 N N PM AB Helix 5 Artificial
: (80 + 21) (21 + 13) (13 + 4) 0.5 N N PM AB HF Midscalar 5 Artificial

(51 + 16) (25 + 39) (11 + 2) 0.5 N N LW AB LW23 5  Artificial

(57 £+ 8) - - 0.1 Y N LW HiFocus 1J AB 3 Artificial

(68 % 10) - - 0.25 Y N LW HiFocus 1J AB 3 Artificial

Todt et al. 2014231 (105 + 21) - - 0.5 Y N LW HiFocus 1J AB 3 Artificial
(160 + 19) - - 1 Y N LW HiFocus 1J AB 3 Artificial

(169 + 15) - - 2 Y N LW HiFocus 1J AB 3 Artificial

- (87 £ 19) (21 £ 2) 0.2 N N LW HiFocus 1J AB 3 Artificial

- (25 + 227) (11 + 1) 0.2 N N LW HiFocus 1J AB 3 Artificial

224 - 8+ 4 7x1 0.2 N N LW HiFocus 1J AB 3 Artificial

Todt et al. 2016 - ((20 + 9)) 29 + 23 0.2 Y N LW HiFocus 1J AB 3 Artificial
- (12 + 5) (8+1) 0.2 Y N LW HiFocus 1J AB 3 Artificial

- (4 + 3) (3+1) 0.2 Y N LW HiFocus 1J AB 3 Artificial

- (63 £ 8) - 0.33 N N LW HiFocus 1J AB 5 Artificial

Todt et al. (A) 2016230 - (64 + 4400) - 0.33 N N LW HiFocus 1J AB 5  Artificial
- (244 + 60) - 0.33 N N LW HiFocus 1J AB 5 Artificial
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Table 3.2 Overview of insertion force measurements in studies using cadaveric and artificial cochlea models. The CI insertion length
is quantified either as angular insertion depth (in degrees) or as linear insertion distance (in millimetres). The term ‘Robotic?’ denotes
the use of semi-automatic or automatic systems (e.g., stepper motor) during the insertion process. Term ‘Steering?’ refers to the

regulation or control exerted over the CI during insertion. Values are presented as (mean + standard deviation) where data allowed.

LW - lateral wall CI; PM - perimodiolar wall CI; N - number of insertions.

Author Force [mN] Depth [deg] Distance [mm)] Speed [mm/s] Robotic? Steering? CI Type CI Brand N Model
16 + 4 E 20 B N N LW C40+ MED-EL 14 Artificial

Adunka et al. 20042!7 ((9 + 1)) . 20 . N N LW C40+ Flex MED-EL 7 Artificial
) 36 £ 5 B 20 0.33 Y N LW Custom 39 Artificial
Aebischer et al. 202277 229 + 33 300 . 0.33 Y N LW Custom 390 Artificial
Aebischer et al. 2021771 (17 £ 7) - 20 0.33 Y N LW Custom 21 Artificial
Avci et al. 20177 (218 + 44) 327 22 0.5 Y N LW HiFocus 1J AB 27 Cadaveric
(59 £ 24) 300 B B N N LW Flex MED-EL 1 Artificial

(10 + 2) 300 - 1.25 Y N LW Flex MED-EL 4 Artificial

Bruns et al. 2020140 (5 +1) 300 - 1.25 Y Y LW Flex MED-EL 4 Artificial
(33 £ 4) - 20 1.25 Y N LW Flex MED-EL 4 Cadaveric
(22 + 9) - 20 1.25 Y Y LW Flex MED-EL 4 Cadaveric
9 £ 4 240 B 0.8 Y N LW Flex MED-EL 6 Cadaveric
De Seta et al. 2017%° (2(0 + 1)2) 240 - 0.8 Y N LW Flex MED-EL 6  Cadaveric
10.73 B 28 0.1 Y N LW Flex 28 MED-EL 9 Artificial

5.33 - 28 0.5 Y N LW Flex 28 MED-EL 9 Artificial

10.08 - 28 1 Y N LW Flex 28 MED-EL 9 Artificial

10.02 - 28 2 Y N LW Flex 28 MED-EL 9 Artificial

) 12.91 - 28 4 Y N LW Flex 28 MED-EL 9 Artificial
Dhanasingh et al. 2021%*2 19.04 . 24 0.1 Y N LW Flex 24 MED-EL 9 Artificial
20.67 - 24 0.5 Y N LW Flex 24 MED-EL 9 Artificial

15.96 - 24 1 Y N LW Flex 24 MED-EL 9 Artificial

17.53 - 24 2 Y N LW Flex 24 MED-EL 9 Artificial

20.73 - 24 4 Y N LW Flex 24 MED-EL 9 Artificial

(8 £ 3) - 20 1.3 Y N Lw Standard MED-EL 12 Artificial

Hendricks et al. 2021130 (6 + 2) - 20 1.3 Y Y LW Standard MED-EL 12 Artificial
(1.9 = 0.3) - 20 1.3 Y Y LW Standard MED-EL 12 Artificial

L 90 &+ 13 300 - 0.5 Y N LW Slim straight Cochlear 10 Artificial
Hrneirik et al. 2022%° ((148 + 32)) - 20 0.5 Y N LW Slim straight Cochlear 10 Artificial
(93 £ 47) B 15.5 0.4 Y N LW Custom 23 Artificial

Hiigl et al. 2019239 (15 £ 9) 0.4 (15.39 + 0.02) - Y N LW Custom with coating 26 Artificial
(108 + 49) - 15.5 0.4 Y N LW Flex MED-EL 60 Artificial

(40 £ 7) - 17 0.03 Y N LW Custom 24 Artificial

(43 + 8) - 17 0.045 Y N LW Custom 24 Artificial

(46 + 13) - 17 0.06 Y N LW Custom 24 Artificial

(47 £ 8) - 17 0.08 Y N LW Custom 24 Artificial

(47 £ 9) - 17 0.11 Y N LW Custom 24 Artificial

(48 £ 9) - 17 0.15 Y N LW Custom 24 Artificial

(50 £+ 10) - 17 0.2 Y N LW Custom 24 Artificial

Hiigl et al. 20183° (54 + 8) - 17 0.4 Y N LW Custom 24 Artificial
(60 + 13) - 17 0.9 Y N LW Custom 24 Artificial

(65 + 12) - 17 1.6 Y N LW Custom 24 Artificial

(68 & 13) - 17 2 Y N Lw Custom 24 Artificial

(68 & 15) - 17 2.8 Y N LW Custom 24 Artificial

(13 = 3) - 17 0.03 Y N LW Slim straight Cochlear 9 Artificial

(19 £ 2) - 17 0.4 Y N LW Slim straight Cochlear 9 Artificial

(19 £+ 5) - 17 2 Y N LW Slim straight Cochlear 9 Artificial

Hiigl et al. (A) 2018233 (153 £ 26) - (15.3 £ 0.2) 0.4 Y N LW Custom 117 Artificial

Continued on the next page
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Table 3.2 — continued from the previous page

Author Force [ mN Depth [de Distance [mm Speed [mm/s Robotic? Steering? CI Type CI Brand N Model
15 g p g yYp

(116 £ 50) (359 £ 113) - 0.1 N N Lw Unknown 12 Artificial

(60 £ 12) (359 + 113) - 0.5 N N LW Unknown 12 Artificial

(74 & 34) (359 £ 113) - 1 N N Lw Unknown 12 Artificial

(61 £ 14) (321 + 84) - 0.1 Y N LW Unknown 12 Artificial

(38 £ 5) (321 + 84) - 0.5 Y N LW Unknown 12 Artificial

176 (44 £ 7) (321 £ 84) - 1 Y N Lw Unknown 12 Artificial
Kauffman et al. 2020 (85 =+ 24) (359 + 113) - 0.1 N N LW Unknown 36  Cadaveric
(77 £+ 30) (359 £ 113) - 0.5 N N LW Unknown 36 Cadaveric
(74 £+ 22) (359 £ 113) - 1 N N Lw Unknown 36 Cadaveric
(52 £ 16) (321 + 84) - 0.1 Y N LW Unknown 36 Cadaveric
(60 £ 17) (321 + 84) - 0.5 Y N LW Unknown 36  Cadaveric
(57 + 13) (321 + 84) - 1 Y N LW Unknown 36  Cadaveric

(177 £ 3) - 17 0.17 Y N PM Nucleus 24 Cochlear 10 Artificial

(279 + 6) - 17 0.67 Y N PM Nucleus 24 Cochlear 10 Artificial

Kontorinis et al. 201123 (323 £ 4) - 17 1.33 Y N PM Nucleus 24 Cochlear 10 Artificial
ontorinis et at. (366 + 7) - 17 2 Y N PM Nucleus 24 Cochlear 10 Artificial
(394 + 4) - 17 2.67 Y N PM Nucleus 24 Cochlear 10 Artificial

(418 + 8) - 17 3.33 Y N PM Nucleus 24 Cochlear 10 Artificial

218 [CCE) . [CEED) ~0.2 Y N W Flex MED-EL 29 Artificial

Leon et al. 2017 (10 £ 2) - (19 £ 1) ~0.2 Y Y LW Flex MED-EL 19 Artificial
36 16 - 0.3 Y N PM Nucleus 24 Cochlear 8 Artificial

. . 141 26.3 236 - 0.3 Y N PM Nucleus 24 Cochlear 8 Artificial
Majdani et al. 2010 17.7 60 - - N N PM Nucleus 24 Cochlear 26 Artificial
31.4 196 - - N N PM Nucleus 24 Cochlear 26 Artificial

Lo 244 (58 + 26) - 20 1.3 Y N LW HiFocus 1J AB 6 Artificial
Miroir et al. 2012 (201 + 62) - (s +1) 15 Y N LW HiFocus 1J AB 3 Cadaveric
Mirsalehi et al. 201727 (8 £ 3) 148 - - N N LW Slim straight Cochlear 10 Cadaveric
(156 £ 12) - (23 £ 4) 1.5 Y N LW Digisonic SP 35 Artificial

132 (83 £ 12) - (23 £ 4) 1.5 Y N Lw Digisonic SP Evo 35 Artificial

Nguyen et al. 2015 (88 + 19) . (23 + 4) 15 Y N LW Digisonic SP Evo coating 1 35  Artificial
(72 £ 12) - (23 + 4) 1.5 Y N LW Digisonic SP Evo coating 2 35 Artificial
(256 £ 61) - 25 - N N Lw HiFocus 1J AB 39 Cadaveric
Nguyen et al. 2014246 (327 £ 55) - 25 - N N LW HiFocus 1J AB 39 Cadaveric
(255 + 75) - 25 0.6 Y N LW HiFocus 1J AB 39 Cadaveric
297 (62 £ 17) 300 - 0.5 Y N LW Digisonic SP 8 Cadaveric
Nguyen et al. 2012 (21 + 3) 300 - 0.5 Y N LW Custom 15  Cadaveric
Eye (@79 £ 116) = 20 0.5 Y N W C10+ MED-EL 3 Artificial

Radeloff et al. 2009 (257 + 89) - 20 0.5 Y N LW C40+ MED-EL and coating 8 Artificial
L 248 9.71 300 - - N N LW MED-EL 4 Artificial
Riojas et al. 2021 9.97 300 - - N N LW MED-EL 4 Artificial
Rohani et al. 2014279 (75 + 20) (432 £ 75) B B N N LW Unknown 5 Cadaveric
o1 60 £7) . 245 0.03 Y N W Standard MED-EL 10 Artificial

S. Rau et al. 2020 (107 £ 36) - 24.5 0.4 Y N LW Standard MED-EL 10 Artificial
. 238 (86 £ 3) - 17 - Y N PM Freedom Advance CI 4 Artificial
Schurzig et al. 2010 (17 + 7) . 17 . Y N PM Freedom Advance CI 4 Artificial
Smetak et al. 20232°Y (140 + 80) (428 £ 40) - 0.65 Y N PM Cochlear 15 Cadaveric
(128 £ 54) - 16 2 Y N LW Custom 5 Artificial

(29 £ 3) - 16 2 Y N Lw Slim straight Cochlear 5 Artificial

229 (5 £ 3) - 16 2 Y N LW Custom 5 Artificial

Wrzeszcz et al. 2015 (54 + 5) . 16 2 Y N LW Custom 5 Artificial
(84 £ 34) - 16 2 Y N LW Custom 5 Artificial

(32 = 3) - 16 2 Y N LW Slim straight Cochlear 5 Artificial

11 - 16 0.03 Y N LW Custom 11 Artificial

16 - 16 0.11 Y N LW Custom 11 Artificial

Zuniga et al. 20212°1 22 - 16 0.4 Y N LW Custom 11 Artificial
27 - 16 0.9 Y N Lw Custom 9 Artificial

37 - 16 1.6 Y N LW Custom 9 Artificial

UOISSTIOSIP pUR SISO €°¢
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3.3.3 Controlled robotic insertion

Both cadaveric specimen and artificial cochlea model measurements indicate no statisti-
cally significant difference (p > 0.05) in mean maximal IFs when employing controlled
robotic assistance for insertion (Figure 3.4). The analysis utilised an unweighted t-test,
as the number of studies for each group (manual or robotic) was not equal. It is essential
to note that the data are plotted regardless of any other variables that might have
contributed to the lack of significant difference between IFs measured using manually and
automatically inserted cochlear implants. Only three studies'%176:246 have investigated
the use of robotic insertion and compared it to standard manual insertion performed by
a surgeon. Among these, only the group of Kaufmann et al. had an adequate sample
size.!™® According to their data, there was a significant difference (p < 0.001) between
the IFs measured with manual and robotic insertion for both cadaveric specimens and

artificial cochlea model insertions.

Impact of robotic insertion on insertion forces
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Figure 3.4 Impact of robotic insertion on mean maximal IFs measured in cadaveric specimens
(I) and artificial cochlea models (IT). Unweighted two-sample t-tests were used for both diagrams
with no significant difference found (box charts not weighted). Red line - median; black box -
interquartile range; red crosses - outliers

Figure 3.5 presents studies conducted on artificial cochlea models that demonstrate
various pressure parameters, namely, frequency of pressure peaks, mean pressure am-
plitudes, and mean pressure, which could be affected by robotic insertion. Similar to
the IF measurements, the difference between manually inserted and robotically assisted

insertion was not found to be significant (p > 0.05) for most of these parameters when
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compared across different studies except for the mean pressure (p < 0.001). This might
partly be attributed to the fact that authors Dohr et al. used a linear artificial scala
tympani model, which might have contributed to the higher observed pressures, and
this study provide a large number of the data points.?’? Additionally, they focused on
measuring maximum pressure during the insertion process, which might potentially differ
from the mean pressure. A broader issue in pressure-measurement studies in the cochlea
is the varying definitions of variables, contributing to inconsistencies across findings.

A single study by Todt et al. directly contrasted robotic and manual insertion
techniques from the standpoint of sudden pressure changes.??* They observed a significant
difference for both the number of pressure peaks (p = 0.011, when all manual and robotic
insertion data points were compared together, see Figure 3.5 (II)) and the mean amplitude
(p = 0.027) size that arose during implant insertion into the artificial cochlea model.
They noted that manual insertion introduced hand tremor, which increased the pressure
peak frequency and amplitude. The tremor and sudden movements during insertion
could be minimised by supporting the surgeon’s hand and by using semi-automated
or fully automatic insertion systems.??* Nonetheless, implant volume is an important
factor, as larger implants displace greater amounts of fluid within the cochlea, resulting
in increased pressure.??>23° This effect is particularly evident when comparing lateral

wall and perimodiolar wall implants.?*
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Figure 3.5 Impact of robotic insertion on pressure measurements in artificial cochlea models.
Four diagrams compare manual and robotic insertion methods: (I) Peak frequency, (II) Peak
frequency for a specific study, (III) Pressure amplitude, and (IV) Mean pressure. Unweighted
two-sample t-tests were used for (I), (III), and (IV), with significant differences found in mean
pressure measurements (box charts not weighted, p < 0.001). A weighted t-test was used for
(IT), highlighting a significant difference between manual and robotic insertion (p = 0.011). Red
line - median; black box - interquartile range; red crosses - outliers
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3.3.4 Analysis of trauma distribution by cochlear implantation

approach and implant type

Location of trauma

() Approach (Il) Cochlear implant type
Approach Cl type
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Figure 3.6 Distribution of trauma occurrences by angular insertion depth, surgical approach,
and cochlear implant type in cochlear implantation studies: (I) Comparison of cochleostomy
(CO) and round window (RW) approaches. (II) Evaluation of lateral wall (LW) and perimodiolar
(PM) cochlear implants. Trauma locations are categorised by angular insertion depth in degrees:
0 — 50; 50 — 100; 100 — 150; 150 — 200; 200 — 250; above 250 degrees. Trauma levels follow the
Eshraghi et al. scale.?'® Bubble size and accompanying number indicate the number of trauma
occurrences.

Figure 3.6 offers an in-depth analysis of the data gathered from the selected studies,
presenting a depiction of the association between the location and level of trauma in
relation to different cochlear implant insertion approaches and implant types. The
systematic review paid particular attention to two main insertion approaches: entry
through the RW and CO. Table 3.3 shows that the majority of the analysed papers (5
out of 6) employed the RW approach for cochlear implant insertion, which suggests a
preference for this method within the studies evaluated.

For the RW approach, the most commonly observed insertion trauma was at level 3
(see Figure 3.6 (1)), which corresponds to the rupture of the basilar membrane as defined
by the Eshraghi et al. scale.?!® This trauma level can have significant implications for
the patients, as it may result in reduced hearing performance and hinder the overall
effectiveness of the cochlear implant. The preponderance of trauma instances for this
approach were found at 150° to 200° of angular insertion depth, amounting to 15

occurrences. Furthermore, there were three instances each at 100° to 150° and more
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than 250° of angular insertion depth. The distribution of these instances may indicate
potential areas for improvement in the RW approach to minimise the occurrence of
insertion trauma.

In contrast, the CO approach exhibited a higher number of trauma instances at
0° to 50° of angular insertion depth. This finding is particularly intriguing, as these
instances might be ascribed to the trauma stemming from the location and angle of
the cochleostomy site, rather than being explicitly related to the electrode carrier. This
observation raises questions about the surgical technique employed in the CO approach
and its potential to inadvertently cause trauma.

Group of Adunka et al. emphasised that in four bone samples, grade 2 to 4 trauma
was only discernible in the region of the cochleostomy.?!” This discovery suggests that
the observed trauma is more likely a result of the surgical procedure itself, as opposed
to being directly induced by the electrode array. Consequently, it raises concerns about
the need for refining the CO approach to mitigate the risks associated with the surgical
process.

The trauma location is in good accordance with the findings of Ishiyama et al., that
performed a histopathological study of human temporal bones from CI patients who
exhibited intracochlear injury related to translocation (trauma level 4).2>3 The authors
found that nearly all cases of electrode translocation or migration occurred near the
same angular insertion, which was at or near 180° of angular insertion depth, with the
junction between the descending and ascending basal turn of the cochlea appearing
to be the area susceptible to translocation from scala tympani to scala vestibuli. The
authors suggest that the triggering of osteoneogenesis from the site of cochleostomy due
to endosteal damage may play a role in the increased severity of intracochlear damage
when translocation occurs in the setting of cochleostomy. They recommend using the
round window approach with careful drilling of the operculum for the placement of CI to
minimise intracochlear trauma.

Similarly to the Ishiyama et al. study, group of Fayad et al. also did histopathological
study which investigated the CI insertion damage, the relationship between dendrite
and spiral ganglion cell populations, and the structures stimulated by CI.?** The study
revealed that the primary site of trauma was the anterior part of the basal turn, where
the electrode made contact with the outer wall of the cochlea before bending towards the
modiolus. This led to disruption of the spiral ligament and stria vascularis, resorption
of the organ of Corti, ossification from the damaged endosteum, fracture of the osseous

spiral lamina, and degeneration of dendrites. The study also found that the structures
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stimulated by cochlear implants are primarily the spiral ganglion cells or axons, and not
the dendrites. Furthermore, the research suggested that response to stimulation could
occur with as little as 10 % of the normal population of ganglion cells, highlighting that
fewer ganglion cells than previously thought might be necessary for successful stimulation.

Figure 3.6 (II) and Table 3.3 demonstrate that LW cochlear implants were predomi-
nantly used in the analysed studies. The highest occurrence of trauma for LW implants
was observed at level 3, which corresponds to the rupture of the basilar membrane, a
critical structure for hearing. This trauma was primarily found at approximately 150° to
200° of angular insertion depth. Additionally, a considerable level of trauma (level 4)
was observed at 0° to 50° insertion depths, corresponding to the translocation of the CI
from scala tympani to scala vestibuli. The study by Adunka et al. indicated that this
trauma is likely attributable to the surgical procedure rather than the specific cochlear
implant type.?!”

Regarding PM CI insertion, Figure 3.6 (II) indicates five occurrences of trauma,
primarily at 150° to 200° insertion depths and level 3 insertion trauma. These findings
were derived from a study conducted by Briggs et al., which introduced a novel, thin
perimodiolar prototype electrode array.?!> The study employed a multi-center collabora-
tive approach with a large cohort of surgeons, emphasising that the cochlear implant’s
size and shape are crucial factors in minimising trauma during implantation. A thin and
flexible electrode array was shown to reduce the risk of intracochlear trauma, highlighting
the importance of considering size and shape in cochlear implant design to optimise

patient outcomes and minimise surgical complications.
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Table 3.3 Summary of trauma incidences related to cochlear implantation, detailing the trauma
location (in degrees of angular insertion depth) and level (according to Eshraghi et al.),?!
the surgical approach and implant type used, and the cochlear implant brand, as reported
in various literature studies. CO - cochleostomy; RW - round window; LW - lateral wall CI;
PM - perimodiolar wall CI.

Author Trauma location  Trauma level Approach CI Type CI Brand
0 - 50 4 CcO Lw C40+ Flex MED-EL
0 - 50 4 CcO LW C40+ Flex MED-EL
0 - 50 4 CcO Lw C40+ Flex MED-EL
Adunka et al. 2004217 0- 50 2 Co LW  C40+ Flex MED-EL
0 - 50 1 CO Lw C40+ Flex MED-EL
250 1 CcO Lw C40+ Flex MED-EL
0-50 4 RW w Unknown
Kaufmann et al. 2020176 150 — 200 1 RW Lw Unknown
150 — 200 3 RW Lw Unknown
0—-50 3 CcO PM Custom
150 — 200 1 CO PM Custom
Briggs et al. 2011217 150 — 200 3 CcO PM Custom
150 — 200 3 RW PM Custom
150 — 200 3 RW PM Custom
150 — 200 3 RW Lw Flex 28 MED-EL
150 — 200 3 RW LW Flex 28 MED-EL
150 — 200 3 RW Lw Flex 28 MED-EL
De Seta ef al. 2017% 150 — 200 3 RW LW  Flex 28 MED-EL
150 — 200 3 RW Lw Flex 28 MED-EL
150 — 200 2 RW LW Flex 28 MED-EL
100 — 150 3 RW Lw Slim Straight Cochlear
. . 5 150 - 200 3 RW Lw Slim Straight Cochlear
Mirsalehi et al. 2017247 100 — 150 3 RW LW  Slim Straight Cochlear
100 — 150 3 RW Lw Slim Straight Cochlear
50 — 100 3 RW Lw Digisonic SP
150 — 200 3 RW Lw Digisonic SP
150 — 200 3 RW Lw Digisonic SP
150 — 200 3 RW Lw Digisonic SP
297 150 — 200 3 RW LW Custom
Neuyen et al. 2012 150 — 200 3 RW LW  Custom
150 — 200 3 RW LW Custom
<250 3 RW LW Custom
<250 3 RW LW Custom
<250 3 RW LW Custom

Limitations and future research

It is important to acknowledge the limitations of the selected studies for the trauma
distribution, as none directly compared LW and PM cochlear implants within the same
investigation. As a result, definitive conclusions regarding the superiority of one implant
type over the other cannot be drawn based on the existing data. Nevertheless, the
findings underscore the significance of implant design and surgical approach in reducing
cochlear trauma and enhancing patient outcomes.

A few studies not included in this review investigated the synergistic impact of implant
design and insertion approach. Wanna et al. conducted a comprehensive study examining

100 postlingually deafened adult patients with a total of 116 implants, comprising both
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LW and PM designs.?® The surgical approaches employed were CO, extended round
window (ERW), and RW. The study found that LW electrodes had a higher rate of
complete ST insertion compared to PM designs (89 % vs. 58 %). Both ERW and RW
procedures resulted in higher rates of complete ST insertion compared to CO procedures.
A statistically significant difference in consonant-nucleus-consonant word recognition was
identified, with the group with electrode placement entirely within the ST exhibiting
higher mean consonant-nucleus-consonant scores than the group with placement outside
the ST (48.9% vs. 36.1%; p < 0.045). Interestingly, no statistically significant differences
were observed among the three device manufacturers regarding the rate of complete
ST-electrode insertion or audiometric performance when comparing LW electrodes.

Jwair et al. conducted a systematic review and meta-analysis to investigate scalar
translocation in cochlear implantation and its relationship with speech perception scores
and residual hearing.”? The authors discovered a significantly lower scalar translocation
rate for LW electrode arrays compared to PM electrode arrays, which is consistent with
Wanna et al. group’s findings.?”> Furthermore, similar to our results, the study found that
translocations predominantly occurred at an angular insertion depth of approximately
180°, primarily with PM arrays. The researchers posited that the primary reason for the
occurrence of translocations at this specific depth could be attributed to a steep decrease
in the dimensions of the scala tympani, and the cochlear hook region, situated at the
base of the cochlea, exhibits a complex and heterogeneous shape, which could increase
the likelihood of trauma. Lastly, increased intracochlear friction might also play a role in
the occurrence of translocations at this depth.

The potential influence of implant type on the level and location of trauma warrants
further consideration. Future research endeavours could benefit from a more in-depth
exploration of the effects of implant design and materials on insertion trauma, as well
as an examination of the possible synergistic impact resulting from the combination of
insertion approach and implant type. By investigating these factors, researchers may
be able to identify crucial elements that contribute to reduced cochlear trauma and

improved patient outcomes in cochlear implantation procedures.

3.4 Conclusion

This systematic review provides a comprehensive analysis of the factors affecting IFs and
IP during cochlear implantation, with particular emphasis on insertion depth, cochlear

implant design, and robotic assistance. Alongside these considerations, the review also
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offered key insights into the occurrence and distribution of cochlear trauma in relation to
different cochlear implant insertion approaches and implant types.

While the collective analysis of the studies included in this review presented variability
in the relationship between IFs and different metrics of insertion (both distance and
angular depth) due to a myriad of variables across research groups, the study by Kaufmann
et al.'’® distinctly demonstrated the correlation between IFs and angular insertion
depth. Their data showed that with an increase in angular insertion depth, there was
a corresponding increase in IFs. This insight underscores the importance of evaluating
IFs specifically against angular insertion depth for a more nuanced and meaningful
comparison within the literature.

In terms of cochlear trauma, the findings highlight that the RW approach is the
preferred insertion method among the studies analysed, with the majority of trauma
instances occurring at an angular insertion depth of 150° to 200°. In contrast, the CO
approach showed a higher incidence of trauma at 0° to 50° of angular insertion depth.
This raises questions about the surgical technique used in the CO approach and its
potential to inadvertently cause trauma.

The majority of studies in this review focused on lateral wall cochlear implants, which
exhibit a consistent IF profile. A parallel trend was found in the assessment of cochlear
trauma, with LW implants being predominantly used in the analysed studies. The highest
occurrence of trauma was found at level 3 on the Eshraghi et al. scale, corresponding to
the rupture of the basilar membrane. Although the existing data does not allow for a
definitive comparison between LW and PM cochlear implants, these findings underscore
the significance of implant design and surgical approach in determining both IFs and
trauma levels.

Perimodiolar implants were not included in the IF analysis due to their distinct
insertion profile, and no study directly contrasted the IF profiles of perimodiolar and
lateral wall cochlear implants. Additionally, no studies in the trauma review directly
compared LW and PM cochlear implants within the same investigation. Future research
should address these gaps by investigating the differences in IF and trauma profiles
between these implant types, to inform clinicians about the most appropriate implant
type for specific patient cases and potentially enhance patient outcomes.

Regarding robotic assistance, the analysis revealed no statistically significant difference
in mean maximal IFs between manually and robotically inserted cochlear implants.
However, robotic assistance may offer potential benefits, such as reduced hand tremor

and more controlled insertion. The impact of robotic assistance on cochlear trauma
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remains an open question, and future studies should address this by focusing on its
potential impact on patient outcomes and residual hearing preservation.

The reviewed studies exhibited considerable variability in methodology, implant type,
and measurement techniques. Future research should aim to develop more standardised
and accurate models that closely mimic the in vivo situation, and a standardisation of
methods and reporting across studies would facilitate better comparisons. This holds true
for both IF and cochlear trauma research, contributing to a more robust understanding
of the factors influencing IFs, IP, and cochlear trauma during cochlear implantation.

In conclusion, this systematic review has emphasised the importance of insertion
depth, cochlear implant design, and robotic assistance in determining IFs and IP during
cochlear implantation, as well as in understanding the occurrence and distribution of
cochlear trauma. Future research should focus on addressing the identified limitations
and knowledge gaps to optimise cochlear implant surgery, improve patient outcomes,
and preserve residual hearing. Through this endeavour, researchers and clinicians can
collaborate to improve the overall effectiveness of cochlear implant procedures and

enhance the quality of life for patients with hearing loss.
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4.1 Introduction

The intricate structure of the human cochlea plays an essential role in the complex
process of hearing, making it of great significance for scientific research and clinical appli-
cations. Efforts to address hearing impairment, which currently affects over 466 million
people worldwide, has led to the development and widespread use of Cls. Despite the
transformative impact of these devices, there remain substantial challenges in optimising
their performance and minimising the risk of complications. One such challenge lies
in the insertion process itself, as mechanical trauma and tissue damage caused during
implantation can have detrimental consequences on residual acoustic hearing, which, if
preserved, can significantly enhance electro-acoustic hearing capabilities. Consequently,
it is imperative to investigate innovative approaches to deepen our understanding of the
interaction between Cls and the cochlea, in order to optimise the design and implantation
process of these devices.

Artificial cochlea models present a promising avenue for such investigations, providing
a controlled and customisable platform for examining electrode-cochlear interactions,
including the measurement of insertion forces. The development of accurate and trans-
parent artificial cochlea models facilitates a more comprehensive and precise analysis
of the underlying factors influencing CI performance, by allowing us to visualise the
implant position relative to the cochlear walls. Moreover, these models hold potential
applications beyond CI research, extending to the study of inner ear therapeutics and
drug delivery systems, which can contribute to the development of new treatments for
auditory disorders.

While in vivo experiments involving animal and cadaveric models have yielded
valuable insights into the mechanics of hearing and CI functionality (see Chapter 2),
artificial cochlea models offer several advantages, including increased experimental control,
repeatability, and a broader scope for testing. In addition to transparency, artificial
cochlea models allow integration of advanced sensors for measuring insertion forces and
other parameters critical for optimising CI design and implantation techniques.

Harnessing the potential of innovative additive manufacturing, this chapter aims to
elucidate methods for fabricating precise, transparent models that facilitate controlled
experimentation. The valuable insights derived from these models have the capacity
to transform cochlear implant design, refine implantation processes, and ultimately
contribute to an improved quality of life for countless individuals affected by hearing

impairments.
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In the preliminary research, detailed in Appendix A, a comprehensive evaluation of
several 3D printing technologies was conducted to develop and fabricate an artificial
cochlea for implant insertion studies. This work utilised 3D CAD models derived
from micro-CT scans of cadaveric temporal bones. Briefly, the investigation carefully
evaluated five varied 3D printers, finding that the Cadworks3D (M-50, CADworks3D
microfluidics) and Form 3 (Formlabs) devices, utilising DLP and SLA technologies
respectively demonstrated superior surface smoothness and geometric accuracy. The
Form 3 printer was subsequently utilised to fabricate three distinct artificial cochlea
designs: the ‘shell,” ‘open-top,” and ‘block’ models. The ‘shell’ model, constructed
with a 100 pm wall thickness, represented an optimal balance between print quality
and wall size. The ‘open-top’ model offered excellent visualisation, notwithstanding
certain limitations (e.g., CI sliding out of the model during insertion), while the ‘block’
model efficiently addressed these constraints. The latter was executed in a range of sizes,
further substantiating the printer’s versatility. The model transparency was significantly
enhanced through a post-processing procedure we developed, specifically the application
of acrylic and pluronic coating. This improvement facilitated direct observation of implant
positioning dynamics, although potential deviations introduced by the coating process
were not assessed. Collectively, the study emphasises the promising role that SLA and
DLP 3D printing technologies could play in the development of precise and transparent
cochlea and scala tympani models.

SLA utilises a liquid resin which is deposited layer by layer and simultaneously
polymerised by ultraviolet (UV) laser or other source of light.?® The laser is a single
beam source of light which is rastered across the printing layer using a system of mirrors
and lenses.?®” The resin is made of photopolymers that react with the UV light — a typical
resin for laser with a wavelength of 355 nm is a mixture of monomers that polymerised
by the combination of free radical and cationic mechanisms. When a layer is cured, it
adheres onto the building platform which moves to a defined position after polymerisation
to allow photo-crosslinking of the following layer. SLA printers such as Formlabs uses
a laser with 405 nm wavelength with resin that polymerised by free radical reaction.
The superiority of a 405 nm laser relative to a 355nm one lies in its obviation of the
necessity for a cationic photoinitiator.?’ On the other hand, the resins that utilise 405 nm
lasers provide sub-optimal mechanical properties and lower accuracy which restricts their
application as functional materials.

DLP is essentially very similar printing technology to SLA. It utilises a liquid pho-

tosensitive resin which is cured by UV light. However, the printed layer is not treated
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Z axis movement
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stereolithography
resins (SLR)

resin tank

galvanometer (x,y)  mirror optical source

Figure 4.1 SLA printer with core components. The print is located at the bottom of the base
(upside down) after the printing process is finished.?*®

by a single light beam that cures limited spot at a time, but the whole layer is exposed
to UV light at once by projecting it onto a micromirror array or by using liquid crystal
display (LCD). An entire 2D pattern of the object cross-section is projected for each
layer, enabling faster printing comparing to SLA. The disadvantage of this technology is
visible voxel artefacts that arise when the resolution of the projector or LCD screen is
sub-optimal, as described in Figure 4.2). DLP printers frequently use a light source with
405 nm wavelength; nevertheless, some can be purchased with shorter wavelength, e.g.
365 or 385 nm wavelength.

The following section provides an in-depth exploration of SLA and DLP technologies,

employing micro-CT scanning for precise nominal-actual analysis.

4.2 Materials and methods

4.2.1 Fabrication and optimisation of CAD model

High-resolution scans of cochlear structures, including the scala tympani, were obtained
from a human cadaver sample using a Nikon XT 225 ST micro-CT operating at 160 kV
and 180 pA with a voxel resolution of 27 pm (see Figure 4.3 (A)). The reconstruction of
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Figure 4.2 Demonstration of DLP technology limitation. Desired pattern (left) and rasterisa-
tion based on the resolution of the projector or screen.?>”

the cochlea was completed using Stradview software (version 7.0, accessed on 10 March
2022), which was integrated into a semi-automated workflow, enabling swift segmentation
via template otic capsule (statistical shape model from 18 human temporal bones)®”
fitting.

Cochlea models were derived from the reconstructed cochlea scan through a process
of solid embedding and subtraction within a volumetric matrix (boolean operations),
implemented via Fusion 360 software (Autodesk, USA). The entry point of the cochlea,
located at the basal section, was aligned with the matrix perimeter to establish a viable
opening. The opening was approximately at the location of the round window, which is
frequently used as an entry point for CI insertion. In addition, the models had a narrow
I mm in diameter opening at the apex (end of the cavity) to flush out resin residues after

printing.

4.2.2 3D printers and materials

DLP technology was represented by the CADworks3D printer (M-50, CADworks3D
microfluidics, Toronto, ON, Canada), which was set to a resolution of 30 pm across all
axes, with an exploration of 5 pm resolution on the z-axis (see Figure 4.3 (B)). This
was facilitated by configuring parameters for the stepper motor, which controlled the

build plate movement, along with the fixed x and y-axis resolution. The latter resolution


https://mi.eng.cam.ac.uk/Main/StradView
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Figure 4.3 Complete workflows for creating and analysing fabricated models. (A) A schematic
illustrating the methodology for generating 3D printable files from micro-CT scans of cadaveric
specimen. (B) Workflow diagram detailing the process of 3D printing, post-processing, and

print analysis.
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was dictated by the projector resolution, as each projected pixel was set by its z and y
size. The selected printing material was Clear Microfluidics Resin (V7.0a, CADworks3D
microfluidics, Toronto, ON, Canada).

On the other hand, SLA technology, as demonstrated by the Formlabs Form 3B
(Formlabs, MA, USA), operated with preset settings of 25um across all x, y, and z
axes. In this instance, the resolutions were determined by the galvanic components
(galvanometers and galvo mirrors), main mirror, and the size of the laser spot (85 pm).?%°
Clear V4 resin (Formlabs, MA, USA) was used for the model fabrication.

In both DLP and SLA instances, the models were printed directly on the build

platform.

4.2.3 Optimisation of print transparency and post-processing
methods

Post-printing, the models were treated with 99.9 % isopropyl alcohol (SLS Ltd., Notting-
ham, UK), followed by curing three times for 10s with a one-minute break between each
run using a CureZone UV chamber (CADworks3D microfluidics, Toronto, ON, Canada)
for the DLP printed samples. SLA samples were cured in Form Cure (Formlabs, MA,
USA) for 15min at 60°C.

To maximise transparency, various coating methods were examined. Prints referred
to as 'standard’ in the Results and discussion section were not subjected to any further
treatment beyond the processes outlined in the preceding paragraph.

Prints labelled as post-processed with 'compressed air’ exclusively underwent a
variation of standard post-processing. Instead of the IPA wash used in standard post-
processing, surplus resin was removed solely by deploying compressed air.

The third option was to treat prints with a resin coating following a distinct process.
Initially, these prints underwent standard post-processing, including IPA washing, after
which the excess resin was eliminated using compressed air. Subsequently, the same resin
used for model fabrication was sampled and infused into the lumen of the print with a
syringe. This was succeeded by another application of compressed air to expel excess
resin, leaving a thin resin coating within the print’s lumen. The treated models were
then cured using the CureZone UV chamber for DLP prints, and the Form Cure chamber
for SLA prints.

The fourth tested option was to treat prints with an acrylic coating. Firstly, standard

post-processing was applied, including IPA washing and full curing in the relevant
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chambers. Thereafter, an acrylic coating (Pro-cote Clear Lacquer, Aerosol Solution) was
used to coat the lumen of the models. This coating was injected into the lumen of the
model, allowed to rest for 10s, and then surplus coating was removed using compressed

air to leave a thin, smooth layer and achieve a clear finish.

4.2.4 Water resistance

Both the DLP-printed samples treated with resin and acrylic coatings underwent testing to
evaluate their resistance to damage caused by water exposure. The resin coated samples
underwent curing three times for 10s, 20s, and 40s with a one-minute intermission
between each run. In contrast, samples treated with the acrylic coating were cured
three times for 10s with a one-minute break between each run prior to the coating.
Subsequently, distilled water was injected into the samples’ cavity and the samples were
submerged in beakers filled with distilled water. These beakers were then placed in an
ultrasonic bath (VWR, Ultrasonic Cleaner USC-T) for a period of 480s. After this, the
water was replaced, and the samples underwent a second ultrasonic bath for another
480 s.

4.2.5 Examination of prints’ surface quality

All measurements were performed using a CT machine GE Phoenix (type v|tome|x
L.240) operating at an ambient temperature of 21 °C, with the sole exception being the
preliminary evaluation of diverse post-processing methods, wherein a Nikon XT 225
ST micro-CT with a voxel resolution of 28 pnm was deployed. Initial samples with resin
coating were scanned as groups of six, where C'T data were obtained with 16 pm voxel
resolution. In order to improve the resolution, the samples with acrylic coating were
scanned as groups of two, providing a higher resolution of 10 pm per voxel. Obtained data
were reconstructed per group using software for reconstruction Datos (version 2.6.1.18128)
where no additional filtration was applied. Reconstructed groups were split into data
sets containing individual samples.

To further scrutinise the surface quality of the printed models, a desktop Scanning
Electron Microscope (SEM, Hitachi TM3030Plus) was utilised. Preceding the SEM
analysis, the samples were subject to a coating of gold particles using a metal sputter
coater (Quorum Emitech K550). This preparation step ensured optimal conditions
for SEM analysis, facilitating the detailed examination of the surface quality of the

3D-printed objects.
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4.2.6 Nominal-actual analysis and deviation compensation

Each data set with individual samples was processed in software VGStudio Max (version
3.5, Volume Graphics, Hegagon). The surface of the samples was first determined by
‘isosurface” method applying a global gray value threshold, calculated as 50 % of the
mean material and mean air value.

This contour was subsequently used as the initial contour for an advanced algorithm
within the ’Advanced Surface Determination’ function of VGStudio. This algorithm
detects local gray value differences to determine the surface more accurately (refer to
Figure 4.4 (A) and (B)).

The surface obtained by the advanced surface determination method is subvoxel-
accurate, meaning it precisely captures details smaller than a voxel (see Figure 4.4 (C)).

The surface obtained from each sample was aligned onto a nominal object of the
cochlea using the ‘best-fit” algorithm in order to perform the nominal-actual analysis
and evaluate the deviations between the print and the nominal object. This analysis
provides both a graphical representation of deviations that are colour-coded based on
their deviation values and statistical data.

Furthermore, the compensation mesh function was performed on the entire sample.
By utilising the analysed deviations and mirroring them, a new mesh was generated.
This newly generated mesh was then used during the subsequent printing, employing

identical parameters for optimal comparison.

4.2.7 Statistical analysis

The statistical significance of deviation across 90 % of the surface area was evaluated using
MATLAB (Mathworks). This analysis incorporated one-way and two-way Analysis of
Variance (ANOVA) functions and a post-hoc Tukey-Kramer test for multiple comparisons
between group means. A p-value of less than 0.05 was deemed statistically significant,

indicating a non-random difference between the groups under investigation.

4.3 Results and discussion

4.3.1 Segmentation techniques and nominal-actual analysis

Figure 4.5 (A) displays the two distinct segmentation techniques implemented for the

nominal-actual analysis. The nominal-actual analysis did not discern any differences
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Figure 4.4 Depiction of the grey value analysis and surface determination process: (A) Loga-
rithmic scatter plot illustrating the distribution of grey values versus voxel count, with notable
data demarcations highlighted: the dominant background intensity peak (dark yellow), the
calculated isovalue midpoint (red), and the peak of material intensity (blue). (B) Visualisation
of surface refinement utilising an advanced method and an initial contour. (C) Demonstration
of subvoxel surface determination, showcasing the ability to accurately capture details finer
than a voxel’s resolution.
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between these segmentation methods. However, the approach of manually drawing the
lumen was found to be less suitable for investigating internal lumen deviations since a
plane cut was necessary to visualise the heat spots indicating deviation from the original
CAD model. Conversely, the segmentation of the negative space within the printed
model rendered the heat map directly onto the model’s surface, thereby simplifying the
observation of surface deviations from the original CAD model. Nevertheless, interpreting
the results of the negative space segmentation method proved slightly more challenging
as it represented the inverse of the printed model. Figure 4.6 (A) provides an example of
a nominal-actual analysis performed using negative space segmentation, complete with a
heat-map scale bar on the left. In this analysis, a positive deviation (leaning towards the
red end of the spectrum) indicates a larger quantity of negative space than that in the
original CAD model, while a negative deviation (tending towards the blue end) suggests
the opposite. An examination of a printed model revealed a slight excess of material in
the initial cochlear turn at the upper part of the lumen (see Figure 4.6 (A), middle),
marked by light blue spots, which corresponded to a reduction in negative space and
hence a negative deviation. Due to its superior capability of visualising surface deviation,
negative space segmentation technique was utilised for all samples analysed in this study.

Figure 4.5 (B) presents two techniques employed in the nominal-actual analysis: the
‘complete’ and the ‘cut’ options. The ‘complete’ analysis encompasses the entire inner
space of the printed model, including the entrance, whereas the ‘cut’ technique focuses
only on a selected portion. In this study, it was found that the entrance component
introduced significant deviations, which skewed the analysis results. As the primary
focus of this research was on the accuracy of printing the scala tympani lumen, the
‘cut’” technique was deemed more suitable and was consequently preferred. This method
facilitated a more accurate representation of the lumen printing accuracy, free from the
confounding influence of entrance deviations.

As shown in Figure 4.6 (B), a histogram was used to quantify the heat-map of
deviation. In an ideal circumstance — where there is a 100 % match between the original
CAD and evaluated print — the peak would be centred at 0 deviations with minimal width.
The position of the peak provides an indication of whether there is an excess (negative
numbers) or deficit (positive numbers) of material inside the lumen. All prints in this
study showed peaks shifted towards the negative spectrum, suggesting that the printed
lumens are slightly smaller due to the presence of more material inside. Figure 4.6 (C)
underlines this observation by computing the absolute cumulative deviation across 90 %

of the surface, a metric employed for comparison among different samples.
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(A) Segmentation technique

Lumen drawn manually Segmentation of negative space

(B) Cut size and nominal-actual analysis

Complete

Figure 4.5 Methods of nominal-actual analysis with segmentation techniques and analysis
options. (A) Comparative display of two segmentation techniques for nominal-actual analysis:
manually drawing the lumen and negative space segmentation within the printed model.
(B) Tlustration of ‘complete’ and ‘cut’ options used in nominal-actual analysis, highlighting the
preference for ‘cut’ technique to avoid entrance-induced deviations.
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Figure 4.6 Analysis of printed models’ deviation from the original CAD model using negative
space segmentation, deviation quantification, and comparative cumulative deviation calculation.
(A) Nominal-actual analysis of a printed model using negative space segmentation. Heat-
map scale bar illustrates the deviation from the original CAD model with positive values (red)
indicating larger negative space and negative values (blue) indicating a reduction. (B) Histogram
quantifying the heat-map of deviation, with the peak position indicative of material excess
or deficit inside the lumen. (C) Computed absolute cumulative deviation across 90 % of the
surface area, utilised as a comparative metric among different samples.

4.3.2 Surface analysis of standardly post-processed 3D printed

models

Figure 4.7 presents models which were subjected to plane-cut during the CAD preparation
phase (refer to Figure 4.7 (A)). This allowed for the inner section of the cavity to be coated
with a 10 pm layer of gold for the visualisation under SEM. These models underwent
‘standard’ post-processing. It is evident that the DLP method with a layer height of
30 pm yielded a stepped finish corresponding to the layer-by-layer process, a characteristic
commonly associated with DLP technology (see Figure 4.7 (B)). The measured layer
height for these models was found to be 28.28 £+ 1.695 pm (n = 15).

In contrast, when the same printer was utilised with a layer height of 511m, a smooth
lumen surface was achieved without any discernible steps, with the measured layer height
being 4.15 + 0.340 pm (n = 15).

In terms of overall surface quality, SLA technology notably outperformed DLP with
30 um layer height and was on par with 5 pm setting, producing a consistently smooth
surface finish devoid of visible steps and a smooth lumen (with a measured layer height of
24.19+ 1.812 yum, n = 15). The enhanced smoothness observed in SLA can be associated
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Figure 4.7 Scanning electron microscopy of samples printed with DLP and SLA printers.
(A) Preparation of models via plane-cutting for SEM analysis of lumen surface quality. (B
and C) Demonstrates the stepped finish associated with DLP printing at a layer height of
30 num, contrasted by the smooth finish obtained at 5 pm layer height. (D) Illustration of good
surface quality achieved with SLA printing, characterised by the absence of detectable steps
and smooth lumen, attributed to the laser-curing process of the resin.
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with the unified nature of all layers in the z, y, and z directions, attributable to the

laser-curing process of the resin, which employs a spot size of approximately 85 jm.?%°

4.3.3 Post-processing impact on print accuracy

A comprehensive evaluation of various post-processing techniques was conducted with
the aim of maintaining high print transparency without compromising their accuracy,
applicable to both DLP and SLA (refer to Figure 4.8). Among the methods tested, post-
processing utilising only compressed air resulted in the highest deviation for both printers.
Although prints treated with resin coating exhibited higher deviation than those without
coating (designated as ‘standard’), the uncoated models offered only semi-transparency,
which was deemed insufficient as the aim was to produce anatomically accurate and
optically transparent models. Therefore, post-processing treatments involving resin were

selected for subsequent analysis.

Impact of post-processing technique on print’s accuracy
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Figure 4.8 Comparative assessment of post-processing methodologies’ impact on the accuracy
of DLP and SLA printed cochlea models. The techniques studied include ’standard’ (usage
of isopropyl alcohol (IPA) and compressed air without additional coating), ’compressed air’
(exclusive use of compressed air without isopropyl alcohol), and ’treated with resin’ (similar to
'standard’ processing, but with a final resin coating applied within the print lumen). Notably,
DLP demonstrated superior model accuracy compared to SLA. The ’standard’ post-processing
approach exhibited the smallest deviations. The bar chart displays the mean values derived
from individual data points. Lumen size: full cochlea; Micro-CT voxel size: 28 pm.
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Figure 4.9 Analysis of the influence of resin and acrylic coatings on DLP and SLA 3D printed
models’ accuracy. (A) Comparative analysis of the impact of resin coating on prints fabricated
with DLP at layer heights of 30 and 5 pm, and with SLA, demonstrating significant deviation
in resin-treated SLA prints compared to DLP samples. Boxplot: red line - median, box -
interquartile range (n = 6 replicates). Lumen size: full cochlea; Micro-CT voxel size: 16 pm.
(B) Evaluation of acrylic coating as an alternative to resin, with full transparency achieved and
minimal impact on the accuracy of DLP printed samples irrespective of layer height. Bar chart
represents mean of the individual datapoints. Lumen size: full cochlea; Micro-CT voxel size:
10 pm.
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Figure 4.9 (A) delineates the impact of resin coating on prints fabricated with DLP
at layer heights of 30 and 5 pm, as well as with the SLA technology. Notably, SLA prints
treated with resin coating displayed a significantly higher deviation than DLP printed
samples (p < 0.001, n = 6). Intriguingly, DLP prints with 30 pm layer height manifested
significantly lower deviation compared to those with 5pum layer height (p < 0.001,
n = 6). Despite seeming contradictory at first, it should be noted that the resin used
was optimised by the manufacturer for printing at a 30 pm resolution in all directions.

As a potential alternative to resin coating, acrylic coating was examined, considering
the semi-transparent finish of prints without coating. With the application of acrylic
coating, the resultant models exhibited full transparency. Figure 4.9 (B) showcases the
impact of acrylic coating in comparison to untreated samples. Once again, SLA prints
displayed the highest deviation, with DLP prints with 30 pm layer height showing the
smallest deviation among the acrylic-treated and untreated samples. Importantly, the
acrylic coating appeared to have no significant influence on the accuracy of samples
printed with DLP regardless of layer height, with results remaining comparable to

untreated samples.

4.3.4 Water exposure impact on print transparency

To optimise print transparency entailed exploring various coatings and assessing their
resilience in a wet environment, mimicking the in vivo condition where the cochlear lumen
is filled with perilymph. This was important as the potential dissolution of the coating
could reduce print transparency. Figure 4.10 documents an experiment wherein samples
printed with DLP and coated with resin and acrylic were subjected to an ultrasonic
water bath. Resin-coated samples underwent three different durations of curing, as
prolonged UV exposure enhances the curing process of the applied resin. Conversely,
samples treated with acrylic coating were post-processed, fully cured, and then coated
with acrylic, eliminating the need for extended UV exposure testing. A cochlear implant
was inserted in the models under scrutiny to monitor transparency changes correlating
with prolonged water exposure.

This qualitative investigation revealed that a longer UV exposure contributed to
superior resin curing within the lumen. However, despite quadrupling the curing duration,
the resin eventually began to dissolve, rendering the prints 'cloudy’ and less transparent
than at the experiment’s inception. In contrast, acrylic coating demonstrated good

water resistance, maintaining initial transparency even after 960s of exposure. Given
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the observed failure of resin coating under wet conditions, acrylic coating was chosen for

subsequent analysis.

4.3.5 Effects of acrylic coating and DLP z-axis printing resolu-

tion on print accuracy

Building on insights from the water exposure experiment, in which the acrylic coating
maintained transparency without dissolving in water, further exploration was conducted
into the potential trade-off between transparency and precision. This specifically involved
investigating whether extended exposure of the print lumen to the acrylic coating could
compromise its accuracy. Figure 4.11 illustrates the results from assessing the same print
subjected to varying durations of acrylic coating exposure, specifically 10, 30, 60, and
120s. The prints were fabricated in two batches, with each batch comprising six prints.

Interestingly, prints exposed for 120s exhibited the highest mean deviation over 90 %
of the surface. This was captured in the bar chart, which hinted at a subtle trend
towards decreased accuracy with increased duration of acrylic coating exposure. However,
given the limited sample size, this observation remains a speculative trend rather than a
statistically substantiated conclusion. The deviation between prints exposed to acrylic for
10 and 60s was minimal, underscoring the negligible impact of acrylic coating duration
on print accuracy within this exposure range.

In summary, while acrylic coating did marginally compromise the precision of the
printed models, this effect was relatively minor. It is also crucial to note that the
observed deviation might equally be attributable to the error inherently associated with
the micro-CT scanning process (see Figure 4.13). Therefore, the benefits of enhanced
transparency offered by the acrylic coating, coupled with its minimal impact on print
accuracy, underscore its viability for the intended application.

Figure 4.12 presents a comprehensive experiment delineating the effects of acrylic
coating and printing resolution on the accuracy of samples produced through DLP
technology. A total of 24 prints were fabricated and analysed. A one-way ANOVA
indicated significant disparities among the groups assessed, and a post-hoc Tukey-Kramer
test revealed no significant difference between samples printed at a 30 pm layer height,
whether treated with acrylic or untreated (p = 0.373). However, a significant difference
was observed for samples printed at 5pum layer height (p = 0.014). Moreover, a two-way

ANOVA examining the influence of printing resolution and the post-processing technique
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Figure 4.10 Assessment of resin and acrylic coated DLP printed samples subjected to ultrasonic
water bath. The impact of different curing durations on resin-coated samples and the effect
of water exposure on transparency were studied. While resin-coated samples demonstrated
increased curing with prolonged UV exposure, eventual dissolution resulted in decreased
transparency. Acrylic-coated samples, on the other hand, maintained initial transparency

throughout the experiment.
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Figure 4.11 Effect of acrylic coating duration on DLP-printed model accuracy. The figure
compares prints exposed to acrylic coating for 10, 30, 60, and 120s. Highest mean deviation
was observed in 120 s exposure. Minimal difference was noted between 10s to 60s exposures,
highlighting the minor impact of coating duration on print precision within this range. Despite
the marginal precision compromise, the enhanced transparency justifies acrylic coating use.
The bar chart displays the mean values derived from individual data points. Lumen size: scala
tympani; Micro-CT voxel size: 10 pm.

revealed that the post-processing method’s effect on the 'mean deviation over 90 % of

surface’ is not statistically significant (p = 0.053).

Table 4.1 Summary of statistical analysis for combined batches, comparing different printing
layer height (30 vs 5m) and post-processing techniques (standard vs acrylic). Note: p-values
indicate statistically significant interactions between printing layer height and post-processing.
Meangyy - mean deviation over 90 % of surface; SD - standard deviation

Layer helght (pm) POSt‘prOCQSSing Meango% SD DPlayer height  Ppost-processing  Pinteraction

standard 33.4 2.0

30 acrylic 31.8 3.2
5 standard 60.5 12 <000 0.053 0.007

acrylic 67.3 0.8

Table 4.1 summarises the statistical analysis for combined batches one and two. With
respect to printing resolution, the trend observed is an increase in the ‘mean deviation over
90 % of surface’ as the printing layer height decreases (from 30to 5pm). For both post-
processing techniques, measurements with a layer height of 5 pm are significantly larger

than those with 30 pm (p < 0.001). This pattern, consistently observed throughout the
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on print’s accuracy

~
o
]

(=2} (o2}

o (5]
T

I L

(%))
o
T

L

N
(&)
T

I

©

N
o
T

L

Deviation over 90% of surface [um]
w [¢))
[ o

@ ® Batch 1
—e %l o Batch 2

-~

w
o
T

1 I
Standard ‘ Acrylic coating Standard ‘ Acrylic coating
DLP - 30 um DLP -5 pum

Figure 4.12 Comprehensive experiment illustrating the impacts of acrylic coating and print-
ing resolution on DLP printed sample accuracy. One-way ANOVA demonstrates significant
differences among groups, with post-hoc Tukey-Kramer tests showing no significant variance
between 30 um layer height prints with or without acrylic treatment (p = 0.373), but significant
disparities for 5 pm layer height samples (p = 0.014). Two-way ANOVA underlines that the
post-processing technique’s effect on the ‘mean deviation over 90 % of surface’ is not statistically
significant (p = 0.053). Boxplot: red line - median, box - interquartile range (n = 6 replicates).
Lumen size: scala tympani; Micro-CT voxel size: 10 pm.
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study, could be attributable to the DLP printer’s resin (Clear Microfluidics), optimised for
printing at 30 pm. The resin’s viscosity may not be sufficiently low to support successful
printing at 5 um layer height. The low-viscosity resin’s rapid flow in and out of print
cavities prevents inappropriate curing sites. Although the printer can technically fabricate
with a layer height of 5 um, the material requires further optimisation. Regarding post-
processing, for a given printing resolution, there appears to be a slight difference in mean
deviation between the two post-processing techniques. For a printing resolution of 30 pm,
the ’acrylic’ post-processing displays a marginally lower mean deviation compared to the
'standard’ technique. However, for a printing resolution of 5 um, ’acrylic’ post-processing
shows a higher mean deviation than the 'standard’” method. Despite this, as previously
discussed, the post-processing does not have a statistically significant impact on the ‘mean
deviation over 90 % of surface’ (p = 0.053). Table 4.1 also underscores a statistically
significant interaction between the used resolution and post-processing, at approximately
p = 0.007. This suggests that the effect of printing resolution on the outcome variable
depends on the level of post-processing, and vice versa.

It is important to also acknowledge that the process of micro-CT scanning introduces
an absolute measurement error of approximately 10 pm. This can be attributed to the
absence of calibration between each measurement, primarily due to cost and time efficiency
considerations (as illustrated in Figure 4.13 (A)). The relative measurement error of
the scanning process, which amounted to roughly 2.8 ym, was determined by thrice

measuring the same sample and juxtaposing the results with the initial measurement
(see Figure 4.13 (B)).

Table 4.2 Repeatability analysis of the 3D printing process across varied layer heights, post-
processing conditions, and batches. Mean deviations within the 10 pm threshold suggest
influences from the micro-CT scanning process rather than the printing process. Meangyy, -
mean deviation over 90 % of surface; SD - standard deviation; CV - coefficient of variation.

Layer height (pm) Post-processing Batch Meanggyy, SD  CV (%)

tandard 1 33.4 197 59
20 2 36.0 476 13.2
acrylic 1 31.8 316 9.9

2 31.8 120 38

1 60.5 120 2.0

s standard 2 65.0 4.89 75
acrylic 1 67.3 078 1.2

P 69.9 120 1.7

The repeatability analysis of the 3D printing process, as summarised in Table 4.2,

takes into account factors such as layer height, post-processing conditions, and batch
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MicroCT scanner measuring error
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Figure 4.13 Measurement errors in micro-CT scanning process. (A) illustrates the absolute
error of approximately 10 pm, resulting from lack of calibration. (B) highlights the relative
error of about 2.8 pm, calculated from three repeated measurements of the same sample. The
bar chart displays the mean values derived from individual data points. Lumen size: scala
tympani; Micro-CT voxel size: 10 pm.

number (n = 3 per batch). Across both ‘standard’ and ‘acrylic’ post-processing conditions,
at layer heights of 30 pm and 5 pm, mean deviations between batches were within the
10 pm measurement deviation threshold associated with the micro-CT scanning process.
This suggests that the observable differences in both instances might be influenced by
the scanning process rather than variations in the printing process itself. Notably, the
coefficient of variation (CV) increased from 5.9 % to 13.22% between batches under
the ‘standard’ post-processing condition (as indicated by one outlier in Figure 4.12),
which could also be attributed to this measurement deviation. Overall, these findings
highlight that the differences in mean deviations that fall below the 10 pm threshold may
not be reflective of the actual performance of the printing process, but could instead be
influenced by the inherent measurement deviation introduced by the micro-CT scanning

process.
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4.3.6 Optimisation of SLA accuracy using nominal-actual anal-

ysis and mesh compensation

The optimisation of SLA printer accuracy was accomplished through a methodical
application of nominal-actual analysis paired with mesh compensation. In this analysis,
the preliminary print, as depicted in Figure 4.14 (A), served as the ‘actual’ model. This
was then juxtaposed with the ‘nominal’ model in a nominal-actual analysis, elucidating
the disparities between the examined models, as evidenced in the cross-section analysis
of Figure 4.14 (B). This examination was instrumental in fabricating a ‘compensated’
mesh.

Significant deviations were observed in the upper segment of the cavity in the initial
print. This can potentially be attributed to the higher viscosity of the resin used (Clear
V4 by Formlabs). Due to the pronounced surface tension, an excessive amount of the
resin was trapped inside the cavity, resulting in an overly abundant resin curing at a
given time. Consequently, there was a surplus of material at the top part of the print,
taking into account the fact that the print is being created ‘upside down’ as the build
platform is being immersed into the resin tank.

The implementation of the compensated model led to a notable reduction in the
deviation over 90 % of surface, in comparison with the original model (n = 4, p < 0.001,
refer to Figure 4.14 (C)). The derived improvement in accuracy was approximately 49 %,
an intriguing finding given that a singular iteration of the compensation process yielded
such significant improvement in SLA printer accuracy. Future research may consider
employing multiple iterations of compensation, with the goal of achieving the saturation

point of possible improvement.
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Compensation of deviation produced by SLA printer
(A) Heat-maps of deviation
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Figure 4.14 An improvement of SLA printer accuracy through nominal-actual analysis and
mesh compensation. (A) Depicts the original ‘actual’ print model and the ‘compensated’
printed model. (B) Shows the nominal-actual cross-section analysis highlighting deviations
in the models. (C) Demonstrates the significantly improved ‘compensated’ model (p < 0.001,
highlighted with *) with a notable reduction in deviation over 90 % of the surface, providing
approximately 49 % improvement in print accuracy. Boxplot: red line-median, box-interquartile
range (n = 4 replicates). Lumen size: full cochlea; Micro-CT voxel size: 10 pm.
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4.3.7 Comparison with previous work

To the best of my knowledge, this study stands as a significant milestone in cochlear
modelling, successfully fabricating the most accurate and transparent cochlea model to
date. Empirical evidence supports this claim, with a nominal-actual analysis indicating
that 90 % of the printed surface of the scala tympani lumen remained within a 32 pm
deviation.

When considering the current literature, as discussed in Chapter 2, several studies
have attempted the fabrication of an artificial cochlea model utilising additive manufac-
turing.®131:242 However, the precision of these models remains unverified. Notably, these
studies typically resort to upscaling the scala tympani cavity in order to compensate for
discrepancies in their 3D printed models.

This study demonstrates a substantial leap forward, not only in the fabrication of
a highly accurate cochlea model, but also in setting a measurable benchmark for the

verification of model accuracy, without resorting to such modifications.

4.4 Conclusion

This study affirms the applicability of SLA and DLP 3D printing technologies in fabricat-
ing precise and transparent cochlea and scala tympani models. Comparative evaluation
of segmentation techniques underlined the superiority of negative space segmentation,
augmented by the ‘cut’ technique and histogram quantification to enhance precision.
Experimental findings corroborate the merit of SLA and DLP (5 pm layer height) tech-
nologies, offering a superior surface finish.

Post-processing plays a pivotal role in model accuracy and transparency, with ‘com-
pressed air’ post-processing resulting in significant deviations. Resin-coated models
demonstrated improved transparency compared to ‘standard’ post-processing, but larger
deviations, whereas the use of acrylic coating maintained full transparency with minor
effects on accuracy.

Environmental influence on model transparency was assessed, revealing the robustness
of acrylic-coated prints under wet conditions, highlighting the superiority of acrylic coating
under differing environmental conditions. A nuanced interaction between the acrylic
coating and printing resolution affected overall model precision, albeit minor in practical

implications.
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Notably, DLP technology with a 30 pm layer height excelled in terms of model
accuracy, irrespective of post-processing methods used. A recognition of measurement
errors induced by micro-CT scanning was noted — an important factor in 3D printing
accuracy and repeatability interpretations.

This study also demonstrates the use of nominal-actual analysis and mesh compensa-
tion for enhancing SLA printer accuracy. A significant improvement of approximately
49 % was observed from a single compensation iteration, indicating a potential for further
enhancements. Future work could explore repeated compensation iterations to identify
the maximal accuracy potential, thus progressing the field of 3D printing, especially
when working with SLA technology and high-viscosity resins.

In conclusion, the combination of DLP with 30 pm layer height and acrylic coating
produced transparent, accurate scala tympani models. Nevertheless, it is vital to highlight
the balance required between ensuring transparency while preserving precision. Future
research should endeavour improved precision at lower layer heights and explore alternate
3D-printing technologies for the creation of models with flexible membranes. Despite
limitations, this study’s findings underpin further research within cochlear implantation

surgery by providing methods to fabricate transparent, accurate artificial cochlea models.
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5.1 Introduction

There are over 466 million people worldwide that suffer from disabling hearing loss and is

expected to rise to 700 million by 2050.25! As the second leading disability worldwide,?%?

hearing loss can be severely debilitating and has been linked to depression,207:209,263-265

266-269 and living discomfort.270-272

dementia,

Those suffering from severe to profound sensorineural hearing loss can benefit from
ClIs, a transformative technology that helps people regain their hearing. However, a key
limitation in increasing the eligibility of Cls is the damage caused to the cochlea during
the insertion of these implants as well as the resulting chronic inflammatory response.
This insertion trauma has been shown to reduce or destroy the residual acoustic hearing
in up to 50 % of implantations;?™ 2" therefore, only those with the most severe hearing
loss are currently implanted.

A CI consists of a linear array of 12 — 22 platinum-based electrodes insulated by
silicone connected via a lead to a processor placed on the skull. The electrode array is
typically inserted into the ST chamber of the cochlea, in the inner ear, which is a hollow
spiral-shaped chamber within the mastoid bone, filled with perilymph fluid. In order to
be implanted, patients must undergo surgery where the skin is opened behind the pinna,
and the skull and mastoid bone are drilled until the facial nerve, chorda tympani, and
incus are visible. These landmarks are used to find the round window, an opening to the
ST covered with a membrane that can be easily penetrated and which provides an entry
point for the CI insertion. The common approach is to implant through the round window
niche and round window where possible rather than through a cochleostomy,?® 283 which
requires surgeons to create a new entry to the ST by drilling into the cochlea. Implanted
CIs can then electrically stimulate the auditory nerves in the modiolus (the inner part of
the cochlea spiral) and facilitate ‘electronic hearing’.

Furthermore, by avoiding key auditory structures (i.e., the eardrum and the middle
ear) during implantation, patients can retain some residual hearing and benefit from
some limited auditory cues. Furthermore, EAS, which is a combination of CI electrically
stimulated hearing and low-frequency acoustic amplification, has been shown to improve
the listening performance.'”%*% Additionally, destroying the residual hearing eliminates
the possibility of a patient potentially being eligible for future therapies to restore the
acoustic hearing, such as gene therapies.?** Therefore, it is necessary to protect patients’

residual hearing whenever possible.
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The loss of natural hearing is often associated with the mechanical trauma that

2L2T52T7.285 which might result in fibrosis and neural

arises during the CI insertion,
degeneration, further limiting the CI performance.!%276:286 Generally, there are two types
of CI: (1) straight, which follows the lateral wall of the ST, and (2) perimodiolar, which
is pre-curved and follows the modiolar (inner) wall of the ST. Although perimodiolar
electrodes can, in theory, be placed closer to the target neural population, their placement
can also risk more insertion trauma.® For straight electrodes, the initial contact is with
the lateral wall of the ST, which is lined with soft tissue, and the CI slides along the
lateral wall throughout the insertion. The basilar membrane, located along the top part
of the lateral wall, accommodates the organ of Corti, which facilitates acoustic hearing.
It is crucial to avoid damaging, or penetrating in some circumstances, this membrane as
it can result in the permanent loss of hearing in that region.%®%7

Although CIs are a triumphant story of permanently implantable devices, there are
still limitations in the implantation process. For instance, CIs are commonly inserted
manually by a skilled surgeon; however, it has been shown that the stable, slow insertion
speeds achieved with a robotic and a semi-robotic insertion setup could lower IFs
significantly.'3%-176:288.289 Fyrthermore, there has been uncertainty about the effect of the
CI size and its influence on the IFs. Historically, there has been a trade-off between
making longer implants that could electrically stimulate a larger proportion of the

290.291 and preventing large IFs at deeper

cochlea, and convey a larger range of frequencies,
insertions. The higher IF and related mechanical trauma have led the CI industry to
converge to a ‘one size fits all” approach where newer CI electrode arrays are typically
around 20 mm in length.?922% Additionally, few studies investigated how the ST size may
affect IFs;36131,241,242 hgwever, these either used artificial models with combined scalae
(not a true ST model) or they did not investigate the individual parameters that might
contribute to higher IFs.

This study aims to investigate the impact of the ST geometry on IFs. By systematically
adjusting the key parameters of the ST, such as the volume, vertical trajectory, curvature,
and cross-section area, it is possible to determine the influence of these individual
components on the IFs. Furthermore, this can inform the optimal CI insertion strategies
to improve patient outcomes by creating a mechanistic model from the acquired insights

that match our experimental observations.
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5.2 Materials and methods

5.2.1 Micro-CT segmentation of scala tympani

A cadaveric specimen was imaged with a Nikon XT 225 ST micro-computed tomography
(micro-CT) scanner with an accelerating voltage of 160 kV, current of 180 pA, and a voxel
resolution of 27 pm. The specimen was reconstructed using Stradview software (version
7.0, https://mi.eng.cam.ac.uk/Main/StradView, accessed on 10 March 2022). Important
landmarks highlighting 68 points along the basilar membrane on the ST surface were

added, so complete parametrisation using a custom-built MATLAB script was possible.

5.2.2 Characterisation of scala tympani

The 3D PLY files exported from the segmentation were imported into a custom MATLAB
script for analysis together with the coordinates of landmarks along the cochlear trajectory.
This workflow used the gptoolbox?** and geom3D?% libraries available on the MathWorks
FileExchange. Using a similar methodology to Gee et al.,’" a best-fit plane was determined
for the landmark point coordinates along the first 270° of the basal turn of the basilar
membrane. This enabled the separation of the cochlear trajectory’s vertical (height)
and radial (spiral) components. The cross-sections of the ST model were determined
by producing planes along the cochlear trajectory perpendicular to the cochlear lumen
according to the landmarks placed along the ST and calculating the closest intersection of
the plane and cochlear mesh to that landmark (to eliminate intersections through multiple
turns of the cochlea). This spiral, represented by the centroids of the cross-sections, was
fitted to the following equation defining the radius of the curve, R, in terms of angle, 6,
in degrees:
R(8) = Ropate X (€7 + %) (5.1)
where R, parametrises the overall scale of the cochlea, and 6; and 6y characterise
the tightness of the basal turn and central spiral, respectively. This is a modification

83,296,297

of previous piecewise definitions of the cochlear spiral in favour of a continuous

8 which fits the whole cochlea while accounting for the

double exponential function,
‘flaring out’ of the base. Using a continuous function offers several advantages in the
mathematical modelling and shape manipulation when compared to a piecewise function.
Note, for the conversion of electrode insertion distance to degrees, Equation 5.1 was

applied to the basilar membrane landmarks for each ST model as the CI would follow the
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lateral wall rather than the middle of the ST which was confirmed/adjusted according to

the actual maximal insertion angle manually measured from the video of each insertion.

5.2.3 Manipulation of scala tympani shape

In order to manipulate the shape of the cochlea, the extracted cross-sections described in
Section 5.2.2 were positioned according to the required shape manipulation, as detailed
below.

A custom lofting function was created in MATLAB to re-connect the cross-sections
into a 3D mesh geometry from individual cross-sections. This involved sorting the vertices
of the cross-sections in a clockwise direction (with respect to the base), interpolating
the cross-sections to have 100 points each, triangulating the vertices between each

cross-section in turn, and capping the ends to produce a fully enclosed mesh.

5.2.4 Cochlear size manipulation

Volumetric scaling of the ST was conducted by directly multiplying the coordinates of the
vertices of the original ST mesh by a constant factor to produce ‘large’ (110 % volumetric

scaling) and ‘small’ (90 % volumetric scaling) models.

5.2.5 Vertical trajectory manipulation

For vertical trajectory manipulation experiments, the z-component of the ST cross-
sections was altered without changing the radial trajectory of the ST. For the ‘flat’
models, the z-component of each cross-section was subtracted from each vertex so that
the ST centreline would be a two-dimensional spiral along the basal plane.

In order to simulate non-planarity, a sinusoidal function was added to the mean
z-component of each cross-section from 0° — 270°. The amplitude of the sinusoidal change
was set at 200 pm, and the period was set at either 270° or 135° for conditions of artificial

non-planarity 1 (NP1) and artificial non-planarity 2 (NP2), respectively.

5.2.6 Curvature manipulation

In order to manipulate the curvature of the ST models, the parameters of the fitted
spiral Equation 5.1 were manipulated. Specifically, 6, was doubled for the loose model

and halved for the tight one to either decrease or increase the curvature of the inner
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spiral, respectively. The ST cross-sections were projected along this new spiral and lofted

into a 3D structure ready to produce a 3D print.

5.2.7 Uniform cross-section models

Uniform cross-section models used a consistent cross-section (from 1mm from the round
window) projected onto the original ST centreline to build models with the same trajectory

as the original ST but with a uniform cross-section.

5.2.8 3D printing an artificial scala tympani

A custom MATLAB script, utilising Boolean operations from the gptoolbox library,
was used to generate 3D printable stereolithography (STL) files for 3D printing. Scala
tympani orientation was controlled to be consistent for all models where the first 10 — 20°
of the ST were orientated along the z-axis of insertion. In addition, the basal end of
the ST remained open to provide a consistent entry trajectory, and an access hole was
produced at the ST apex to allow for flushing of the models with solutions prior to
insertion.

Prepared models were then printed at 30 pm resolution on a CADworks3D printer
(M-50, CADworks3D Microfluidics, Toronto, ON, Canada) with Clear Microfluidics Resin
(V7.0a, CADworks3D Microfluidics, Toronto, ON, Canada). The printed models were
then post-processed using 99.9 % isopropyl alcohol (SLS Ltd., Nottingham, UK). Lastly,
the models were cured three times for 10s with a one-minute break between the runs
using a CureZone UV chamber (CADworks3D Microfluidics, Toronto, ON, Canada).

In order to achieve the transparent finish of the models, acrylic coating (Pro-cote
Clear Laquer, Aerosol Solution) was used for coating the lumen (inner part) of the models.
The coating was injected into the ST model, left for 10s, and excess was then removed
using compressed air to leave a thin layer to smooth the surface and achieve a clear finish.
In addition, 5 % solution of Pluronic (F-127, Merck KGaA, Germany) and distilled water
was used for coating the lumen of the models 24 h prior to insertion to lower friction

coeflicient of the printed models.

5.2.9 Insertion setup

A custom-built insertion setup used in this study was assembled using several components,

namely a one-axis force sensor (500 mN Load Cell, 402B, Aurora Scientific Europe), a
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six-axis force sensor (NANO 17T1i transducer, ATI Industrial Automation, Apex, NC,
USA), a one-axis motorised translation stage (PT1/M-Z8, Thorlabs, UK) with a K-
Cube brushed DC servo motor controller (KDC101, Thorlabs, UK), a high-precision
rotation mount (PRO1/M, Thorlabs, UK), a large dual-axis goniometer (GNL20/M,
Thorlabs, UK), an XYZ translation stage (LT3/M, Thorlabs, UK), a high-sensitivity
CMOS camera (DCC3240C, Thorlabs, UK), a ring illumination lamp (Kern OBB-A6102,
RS Components, UK), and a Nexus breadboard (B6090A, Thorlabs, UK). The data
acquisition was facilitated by a DAQ (USB-6210 Bus-powered, National Instruments
Ltd., UK) and a connected laptop (DELL, Austin, TX, USA). A Form 3B 3D printer
(Formlabs, Somerville, MA, USA) with Grey Pro resin (Formlabs, Somerville, MA, USA)
was utilised to fabricate the necessary parts for attaching the aforementioned components.
A custom C# program was used to synchronise the stepper motor insertion with force
measurements and video recording.

The one-axis sensor was attached to the motorised translation stage with a custom
adapter to facilitate the insertion movement. The six-axis sensor was attached to the
dualaxis goniometer, located on the top of the rotation mount and the XYZ translation
stage. The camera and the ring light were attached above the six-axis sensor to illuminate
the model correctly to observe the implant behaviour during the insertion (see Figure 5.1).

A practice cochlear implant electrode (Cochlear Slim Straight CI422, Cochlear Europe
Ltd., UK) was attached to the one-axis sensor, and a 3D-printed artificial ST model
was connected to the six-axis sensor. A 1% solution of sodium dodecyl sulfate (SDS,
Sigma Aldrich) in distilled water was injected into the model prior to the insertion
for lubricating the lumen of the model.??®?°2 The insertion speed, facilitated by the

1 and the insertion depth from the

motorised translation stage, was set to 0.5 mm s~
artificial model opening was set to 20 mm (only ‘small’ and ‘tighter spiral’ models were
inserted to 17mm). After the full insertion, a 5s long pause was introduced, and then
the electrode was retracted. Each model was implanted ten times combined over two
identical Cls that were re-straightened by hand after every insertion.

To eliminate bubbles, the ST model was periodically filled with solution up until a
point where no leakage of the fluid would occur due to surface tension at the ST basal

opening.

5.2.10 Fitting of insertion forces to a Capstan model

It has been shown before?”133 that the forces on the implant can be modelled similarly to

a classical Capstan problem. The Capstan problem is a statics problem Figure 5.2 (A)-
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(A) Computational workflow

Cadaveric Segmentation of Geometry Geometry 3D print CAD
micro-CT scala characterisation manipulation preparation

(B) Insertion set-up

1-axis sensor Q&

ST model

Cochlear implant
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Figure 5.1 Computational workflow and the custom insertion setup. (A) A cadaveric specimen
was micro-CT scanned and segmented using Stradview software. The 3D geometry was then
characterised in terms of its spiral trajectory and cross-sections using a custom MATLAB script
which was used to manipulate the geometry according to each experiment. This generated a
3D file of the ST which was prepared for 3D printing using another custom MATLAB script.
(B) Insertion setup consists of transparent 3D-printed ST models affixed with screws to a
six-axis force sensor placed on a six-axis positioning stage and a CI secured with 3D-printed
adapters to a one-axis force sensor placed on a stepper motor that moved the CI into the ST
model at a defined speed. The setup measures the force on the ST model in the direction of
implantation (z), perpendicular in the left and right directions (y), and vertically (z), shown
on the right. The one-axis force sensor measured the reaction force on the implant.
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encountered when attempting to pull a rope around a rigid bollard. For a non-elastic,
flexible, thin line on the verge of sliding around a rigid bollard, the problem can be

modelled as

Ty = Tyet (5.2)

where T} is the tension on the side of the rope that is being pulled on (it is the ‘input’
or ‘applied’ force), T; is the tension on the side that is being wrapped around the bollard
or object (it is the ‘output’ or ‘held’ force), 6 is the total angle subtended by the contact
region of the rope, and p is the coefficient of friction. Notably, the Capstan equation
acts as a ‘force multiplier’, with the ratio between Ty and T} being fixed for a given
position on the verge of sliding. The exponential nature of this relationship is such that
theoretically, for a coefficient of friction of 0.7, approximately that of steel on steel, a

1 kg restraining force would be capable of holding over 3.5 million tonnes with only five

full turns.
(A) Classical Capstan case (B) Capstan case with CI
Rope Y
T
T M +dM
2

T+dT

Figure 5.2 (A) Capstan problem showing the classical case of rope being secured around a
circular bollard and (B) the case with an cochlear implant being inserted inside of a spiral
structure.

In this case, the Capstan equation can be expressed as an overall force on the implant
during insertion, Fjpant(0), being related to the angular insertion along the ST wall, 6,

according to:
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Emplant(e) = Ftipeule (53)

where F};, is the tip force of the electrode, i’ is the exponential coeflicient that is
linearly correlated to the coefficient of friction but includes other factors, including surface
roughness and the spiral nature of the ST. Note that #, in this case, is related to the
angle relative to the initial contact point of the CI with the ST lateral wall rather than
to the round window, measured in degrees.

When fitting the exponential growth of the insertion force exhibited on the implant
with respect to insertion angle, F};, was fixed per tested condition (e.g. volume scaling,
as the tip force during initial contact between the CI and ST wall was observed to be

very similar for all insertions within each experiment.

5.2.11 Statistical analysis

MATLAB (Mathworks) ANOVA 1 with Multcompare function was used to study the
statistical significance of exponential coefficients between the measurements. Data were
found significant if p < 0.05. Each condition was replicated n = 5 times for two separate,

but identical, Cochlear Slim straight electrodes for a total of 10 experimental repeats for
each ST model.

5.3 Results

5.3.1 Insertion setup with accurate scala tympani model

A workflow for creating the 3D printable CAD models of the ST was generated (see
Figure 5.1 (A)), which included the characterisation of the micro-CT segmented cochlea
and the manipulation of the ST shape before generating an STL file suitable for printing.
The 3D-printed ST model and cochlear implant were secured to a six-axis and one-axis
force sensor, respectively, to monitor the forces through the insertion (Figure 5.1 (B)).
Using DLP 3D printing, it was possible to produce highly accurate 3D models of
the scala tympani cavity (Figure 5.3). Furthermore, through the addition of an acrylic
coating after the standard post-processing on the inside and outside surfaces of the
model, it was possible to significantly improve the transparency of the models, as seen in
Figure 5.3 (A). The accuracy of these 3D prints was validated using a nominal-actual

analysis to quantify the surface deviation of the 3D-printed ST with the original STL
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CAD file. This determined that 90 % of the surface was within 32.1 um of the original
file, with the highest deviation occurring at the top surface of the basal and apical ends
of the ST (Figure 5.3 (B)). The localised deviation at the top surface of the ST is likely
due to the printing of a free-standing surface without support structures. However, as

the CI will not be in contact with these regions, they do not influence the CI insertion.

(A) 3D printed cochlea

Standard post-processing

Acrylic coating

Top view Side view

(B) Printing accuracy
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Figure 5.3 (A) Implantation of a CI in ST models with manufacturer-recommended post-
processing (left) and an additional acrylic coating (right). This demonstrates the clear imaging
of the CI electrodes, vertically and horizontally, to investigate CI positioning and validate
the angular insertion depth. (B) Quantification of 3D-printing accuracy using nominal-actual
analysis demonstrating the 3D map (left) and histogram of surface deviation (right) compared
to the original CAD file used for printing.



100 Impact of Scala Tympani Geometry on Insertion Forces

5.3.2 Influence of overall size on insertion force

Although some studies have found some relation between the overall size of the cochlea

2 as well as residual hearing preservation,®?

and the CI insertion force,?* a systematic
study into the force dependence on size has not been previously conducted.

This study measured the forces exerted on both the implant and the cochlea. A
six-axis force sensor provided the reactive force of the implant insertion in the x, y, and
z axes (as depicted in Figure 5.1) which correspond to the forces in the direction of the
implant insertion and perpendicular on the horizontal and vertical axes, respectively,
as well as the torque around these axes. The overall force on the implant shows good
agreement with the reaction force measured on the implant (R? = 0.999), which acts as
a good cross-validation of the two independent sensors (Figure 5.4). As expected, the
overall force on the cochlea is dominated by the force in the direction of the CI insertion
(along the x-axis), and the force along the perpendicular directions is approximately 10 %
of the magnitude of that primary force; see Figure 5.5.

As seen in Figure 5.6, the insertion force on the implant increased exponentially with
the depth of the insertion. Additionally, the increase in this force was highly dependent on
the size of the model, where a 10 % increase or decrease in the overall volume (respectively,
for the ‘large’ and ‘small’ models) of the model significantly impacts the insertion force.
However, when normalising these profiles to the angular insertion depth rather than the
length of the electrode inserted, the profiles overlap. This is as predicted by the Capstan
model (described in Section 5.2.10) and is based on the perhaps unintuitive fact that the
friction force is independent from the contact area between sliding objects and depends
only on the total normal force and the coefficient of friction. For instance, in a ‘large’
model, a longer length of the CI is in contact with the cochlear wall for a given angle
when compared to a ‘small’ model, but this just distributes the same overall normal force
on a larger area. However, this suggests that there would be higher local stresses in a
smaller cochlea due to the same overall force being distributed along a smaller contact
area.

It should be noted that the ‘small” model was inserted only to a 17mm insertion
distance to preserve the structural integrity of the implant as a deeper insertion might
damage the implant and change the forthcoming measurements.

The tip force (Fy;,) was determined as the force to bend the CI tip during the initial
contact between the CI and the cochlear wall, at 100° depth relative to the round
window. This force remained relatively consistent (at (2.60 £ 0.37) mN, (3.10 £ 0.35) mN,

(3.10 + 0.38) mN, and (3.00 £ 0.49) mN, for the volume scaling, manipulation of ST
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(C) Correlation between total force on ST and implant
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Figure 5.4 Cross-validation of insertion force measurements. (A) and (B) show three measure-
ments of insertion forces on the implant and ST model measured by the one-axis sensor and
the six-axis sensor, respectively. The total insertion force was calculated following equation:

Frotar = Y F2 4 F2 + F2. (C) illustrates the correlation between measurements with one-axis

and six-axis sensors with an R2 = 0.999.



102 Impact of Scala Tympani Geometry on Insertion Forces
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Figure 5.5 Total insertion forces measured on ST model (top-left) consisted of three components:
insertion forces in z-axis (top-right), y-axis (bottom-left), and z-axis (bottom-right). The total
insertion force was calculated following equation: Fyotq = ¢ Fz + F2 + F2. Insertion forces

measured on the ‘original’ (no alteration of size or shape), the ‘large’ (110 % scale of the original
model volume), and the ‘small’ (90 % scale of the original model volume) model overlay once
normalised for a correct angular insertion depth. Mean and standard deviation (n = 10) are
highlighted by solid line and shaded area, respectively.
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Influence of ST volume on insertion forces
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Figure 5.6 Influence of ST overall size on insertion forces. A volumetric scaling of the ST
model was conducted to produce a ‘large’ (110 % the volume of the ‘original’) and ’small’ (90 %
of the ‘original’ model) models. Whereas a significant difference is seen when plotting force
exerted on the CI (mean-solid line; shaded area-standard deviation) with respect to insertion
distance (left), these force profiles overlap when plotting relative to angular insertion depth
of the round window (middle). The exponential coefficients (right) of the Capstan model
fitting to the force on the implant with respect to the angular insertion depth illustrate no
significant difference (p > 0.05) between the insertion force profiles. Boxplot: red line-median,
box-interquartile range (n = 10 replicates combined over N = 2 implants).
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vertical trajectory, curvature, and cross-sectional area experiments, respectively) and was
fixed in fitting the Capstan model (Equation 5.3) to the force exerted on the implant for
each experiment. The fitting of the force profile to the exponential Capstan model then
determined the exponential coefficient u' (see Table 5.1 for the R? error of the fitting
and Figure 5.7 (A) for an example of the fitting).

Figure 5.7 (B) presents the average insertion force profiles for all conditions under
examination, with the y-axis rendered in a logarithmic scale to better visualise force
magnitudes. Notably, the ‘loose’ and ‘flat C-A’” models exhibit engagement with the
cochlea’s lateral wall at a lower angular insertion depth of approximately 80°, in contrast
to the remaining samples which conform to the wall at about 100°. This observation is
consistent with the anatomical configuration of these models, which are characterised by
a less pronounced curvature of the ST outer wall, facilitating earlier contact.

In a further analysis depicted in Figure 5.7 (C), the average insertion profiles of all
tested conditions (n = 10) are meticulously fitted. The parallel nature of the fitted
lines across the graph suggests a uniform exponential correlation between the insertion
force and the angular insertion depth, irrespective of the experimental condition. This
consistent pattern, quantitatively summarised in Table 5.1, underscores a predictable
increase in force as the implant advances deeper into the cochlea. Additionally, the
diagram reveals variability in the initial force, Fj;,, necessary for bending the implant’s
tip. Such discrepancies in Fy;, could be ascribed to an array of factors including minor
variations in insertion trajectories, the mechanical impact of repeated straightening on
the implants, and inherent differences in the tip-to-lateral wall interaction. These findings
underscore the importance of factoring in the initial deformations at the implant’s tip,
which introduce a critical, albeit variable, component to the insertion force profile.

The exponential coefficients were not significantly different between the samples,
suggesting that the insertion force is related to the angle of the CI insertion rather than
the overall length of the CI in contact with the ST wall.

As the overall size influences many aspects of the cochlear geometry, as depicted in
Table 5.2, a systematic variation in the different aspects of the cochlear geometry and
their effect on the cochlear implant insertion force was conducted. These three main
factors included (1) the vertical trajectory of the ST, (2) the horizontal trajectory of the

ST (i.e., curvature), and (3) the cross-sectional area of the ST.
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Table 5.1 Summary of the mean R? error of the force profile fitting to the exponential Capstan
model, determined exponential coefficient y’, and p value compared to control within the
experiment. n = 10 replicates combined over N = 2 implants; STD - standard deviation.

Error of Fitting R?

Exponential Coefficient

Experiment Sample (Mean + STD) i (Mean =+ STD) p-Value

Original 0.97 + 0.011 0.017 £ 0.0008 Control
Volume scaling Large 0.96 + 0.035 0.018 £ 0.0011 0.187
Small 0.96 + 0.038 0.017 £+ 0.0013 0.997
Original 0.97 £ 0.011 0.017 £ 0.0008 0.986

Manipulation of ST Flat 0.97 + 0.023 0.017 £ 0.0010 Control
vertical trajectory NP1 0.96 £ 0.027 0.017 £ 0.0007 0.994
NP2 0.94 + 0.044 0.016 £ 0.0008 0.01

Manipulation of ST Flat 0.97 £+ 0.012 0.017 £ 0.0008 Control
curvature Flat - loose 0.96 + 0.018 0.017 £ 0.0004 0.972
Flat - tight 0.98 + 0.014 0.018 £ 0.0009 0.201

Manipulation of ST Flat 0.97 £ 0.013 0.017 £ 0.0008 Control
cross-sectional area  Flat - uniform CS 0.98 &+ 0.006 0.016 £ 0.0011 0.315

Table 5.2 Summary of manipulation of ST size/shape and its impact on ST height of the

lateral wall, and trajectory of the CI in the vertical axis and horizontal plane.

Height of LW

IMPACT ON

Trajectory in
vertical axis

Trajectory in
horizontal plane

Volume v
MANIPULATION Basal planarity and
OF MODEL asat pranatity X
rising spiral
Curvature X
Cross-section area v

v

v
X
X

4

X
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(A) Fitted “flat’ insertion force profile using the Capstan equation
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Figure 5.7 (A) Fitting of 'flat’ condition insertion force profile using the Capstan equation. (B)
Logarithmic representation of average insertion force profiles across all conditions. The ’loose’
and ’flat C-A’ models engage with the cochlea’s lateral wall at approximately 80° of angular
insertion depth, as opposed to the approximate 100° observed in other models, reflecting the
anatomical variance in the curvature of the cochlea’s outer wall. (C) Detailed fitting of average
insertion profiles (n = 10) to the exponential Capstan model, demonstrating a consistent
relationship between force and angular insertion depth and elucidating some variability in the
initial force Fy;p.
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5.3.3 Influence of scala tympani vertical trajectory on insertion

forces

Firstly, the manipulation of the ST vertical trajectory was conducted wherein the
centreline of the ST cross-sections was unaltered except for their vertical position, as
depicted in Figure 5.8. This included producing a ‘flat” model where the centreline of all
the cross-sections lay along the same z-y plane. The non-planar models introduced a
sinusoidal variation in the vertical trajectory in the first 270°, with conditions NP1 and
NP2 having a consistent amplitude of 0.2 mm but a period of 270° and 135°, respectively.
This replicates the ‘rollercoaster’ vertical trajectories observed in several studies.36:76:87
The overall vertical trajectory (or rising spiral) of the ST centreline did not have a
significant effect on the insertion force when considering the flat model versus the original
ascending model. However, an increased non-planarity (condition NP2) led to a small
but statistically significant decrease (p = 0.024 relative to the ‘original’ model) in the
insertion force on the implant and along the z-axis of the model, whereas the decreased

frequency of the non-planarity led to a slightly higher force along the z-axis.

5.3.4 Influence of scala tympani curvature on insertion forces

The curvature of the ST models was changed by adjusting the parameter influencing
the curvature of the inner spiral of the cochlea (6s), as seen in Figure 5.9. This was
conducted on flat models; therefore, only the curvature was influencing the force profiles.
As the curvature affected the angular insertion of the implant, this was a significant
factor in determining the total insertion force for a given length of the inserted CI. Once
normalised for the angular insertion depth, the IF profiles of all three (‘flat’, ‘loose’ spiral,
and ‘tighter’ spiral models) models overlapped and there was no statistically significant
difference in their exponential coefficients (p > 0.05; see Table 5.1). Similar to the ‘small’
model, the ‘tighter’ spiral model was also inserted to only a 17 mm insertion distance to

preserve the structural integrity of the CI.

5.3.5 Influence of scala tympani cross-sectional area on insertion
forces
Finally, the effect of the ST cross-sectional area was investigated (see Figure 5.10).

Typically, there is a decrease in the cross-sectional area with an angle as the ST tapers

from the base to the apex (see Figure 5.11). However, in this experiment, this was
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Figure 5.8 Manipulation of the vertical trajectory of the ST and its influence on CI insertion
forces. (A) Representation of the 3D geometry (left) and the centreline z-component relative to
the basal plane (right) of the different ST models, only varying in the vertical trajectories of
their centrelines; these consist of the original geometry (cut off at 500° for comparison), a flat
model where all centrelines are on the same horizontal plane, and two artificial non-planarities
(NP1 and NP2). (B) Insertion force on the implant with respect to angular insertion depth
(left; solid line-mean, shaded area-standard deviation) and respective fitting of the Capstan
model exponential coefficient (middle; red line-median, box-interquartile range) for models
with different vertical trajectories. Data represent n = 10 replicates per condition over N = 2
implants. Only NP2 showed a statistically significant difference (p values of 0.024, 0.010, and
0.020 compared to ‘original’, ‘flat’, and NP1 models, respectively). Vertical forces, along the
z-axis, on the ST model due to CI insertion (right). Note, altering the vertical trajectory made
little difference to the angular insertion depth per mm of length.
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Figure 5.9 Influence of ST curvature on the CI insertion force. (A) Representations of the
shape manipulation of the ST models. (B) Insertion force experienced by the implant for
models with altered curvatures with respect to insertion distance (left) and angular insertion
depth (middle; solid line-mean, shaded area-standard deviation). Statistical analysis of the
exponential coefficients, which are acquired by fitting the insertion force profiles, shows no
statistical significance between the models (p > 0.05; boxplot: red line-median, box-interquartile
range). Data represent n = 10 replicates per condition combined over N = 2 implants.
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compared to a uniform cross-section where the cross-section of 1 mm depth from the
round window was used along the whole spiral. Similar to the curvature experiment, the
vertical trajectory was controlled for in this experiment by comparing to a ‘flat” model.
When comparing the uniform cross-section model (‘flat—uniform CS’) to the tapered
cross-section model (‘flat’), the insertion force is seemingly much smaller for a given
insertion distance. However, when normalising for the angular insertion depth, the forces
overlap as with other alterations of the ST geometry. When comparing the average
exponential coefficient in the growth of the force with respect to the angle, there is no

statistically significant difference (p > 0.05; see Table 5.1) between these models.

5.4 Discussion

5.4.1 Comparison with previous work

This study represents a thorough analysis of the different contributions of the selected
geometrical features, namely the basal planarity, vertical trajectory, overall scaling,
curvature, and cross-section area of the ST on the CI insertion. The study demonstrates
a method for systematically manipulating the different features of the ST shape by taking
the cross-sections of a single ST segmentation, changing their position, and reconstructing
them into a 3D mesh. Although others have used a cross-section analysis to characterise
the ST shape,'”® none have reconstructed these cross-sections into a 3D structure to
investigate their effect on physical properties.

As far as I am aware, the shape manipulation algorithm developed for this study
is the first implementation of a generalised lofting function in MATLAB for arbitrary
cross-section shapes. This algorithm performed more reliably for this task than the lofting
functions in established 3D design software, such as Autodesk Fusion 360. Furthermore,
using a nominal-actual analysis, it was determined that the reconstruction was highly
accurate to the shape of the original CAD model of the ST (90 % of the surface with
<7.24pm deviation), as seen in Figure 5.12. At the apex of the cochlea, some meshing
errors could occur due to the tight curvature of the cochlea, although this region was not
of interest for the CI insertions and was not included in the manipulated ST 3D prints.
Note that in the ‘flat’ models, the ST was cut off at the point where one turn of the
cochlea would intersect another due to being on the same plane but would always be
beyond the level of the full CI insertion.
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Figure 5.10 Influence of ST cross-sectional area on insertion forces. (A) Manipulation of
the ST geometry demonstrating the tapered cross-sectional area of the ‘flat’ model versus the
‘flat-uniform cross-sectional area’ model where the cross-section at 1 mm depth from the round
window was used along the same horizontal trajectory. (B) Force exerted on the CI during
insertion as a function of insertion distance (left) and angular insertion depth (middle; solid
line-mean, shaded area-standard deviation) along with the exponential coefficient of the fitting
of the force profiles (right; red line-median, box-interquartile range) demonstrates no significant
effect (p > 0.05) of the uniform cross-section area on insertion force. Data represent n = 10
replicates per condition combined over N = 2 implants.
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Figure 5.11 Size demonstration of CI (blue) and scala tympani (red) with cross-sections
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Figure 5.12 Accuracy of reconstructed models from shape manipulation using nominal-actual
analysis. (A) The heat-map represents the overlay of ST reconstructed from cross-section
lofting with the original ST segmentation mesh demonstrating good overall shape preservation.
(B) The histogram manifests the deviation of 90 % of the surface within 7.24 pm which highlights
relatively low surface deviation when considering the low number of cross-sections (80 included
in this example) relative to the original mesh.



5.4 Discussion 113

Furthermore, this study demonstrates the fabrication of directly 3D-printed models
with a transparent finish and validated accuracy (90 % of the surface within <32pm
deviation; see Figure 5.3). In contrast, the previous studies have either employed scaling

ratios of the ST to accommodate for mismatches in their 3D-printed models®131:242 ¢

r
used direct casting, which results in models that combine all three scalae and which does

not allow for flexibility in manipulating its shape.'3’

5.4.2 Impact of scala tympani shape on insertion forces

Overall, it can be seen that the insertion force on the CI is determined by the angular
insertion depth and is rather resilient to other factors. Although the overall volume
affected several parameters, as detailed in Table 5.2, the changes in the force were
accommodated for by controlling for the angular insertion depth rather than considering
the length of the implant inserted. All the changes in the ST geometry did not cause a
statistically significant difference in the force relative to the angle; this provides strong
evidence for the Capstan model. The only exception is when a large non-planarity is
added to the base where the implant trajectory may be altered to a point that it does
not follow the Capstan model, as discussed below. As the force increases exponentially
with an angular insertion depth, it is very sensitive to changes in the angle, which were

confirmed manually using the videos of each insertion.

Effect of scala tympani vertical trajectory

When controlling for the vertical trajectory of the ST, the ascending portion of the
cochlea did not affect the force when comparing the ‘flat’ and ‘original’ models, both in
terms of the overall force and the force in the vertical direction, as seen in Figure 5.8.
Introducing a high non-planarity to the basal turn (as with NP2) led to a small statis-
tically significant decrease in the force on the implant. This somewhat counterintuitive
result may be due to the CI having less contact with the lateral wall as it travels through
the centre of the cochlear lumen. NP2 also had a lower overall z-force. However, this
may be due to the implant being in contact with both the top and bottom walls of the
ST and the sum of the vertical forces cancelling each other out. The CI diameter relative
to the ST cross-section is demonstrated in Figure 5.11. Although statistically significant,
this rather extreme case of non-planarity only results in a small difference in the insertion

force which will not likely be clinically significant.
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A typical amplitude of the non-planarity and fixed angle of the insertion was used in
this study, as the non-planarity can be highly dependent on the coordinate system used

to define the vertical trajectory of the cochlea.®”

Effect of curvature

The effect of the ST curvature on the insertion force was accommodated for by controlling
for the angular insertion depth. In this study, only 6, which varied the curvature of the
inner spiral, was altered and the basal turn of the ST remained unaffected. Therefore,
the insertion forces were similar in this region. As with the ‘small’ model, a full insertion
was not possible with the ‘tight” ST model as there was a significant risk of kinking the
CI at deeper insertion depths.

Effect of cross-sectional area

The cross-sectional area of the ST was determined to have a minimal effect on the
CI insertion force. The ‘original’ ST varies from 2.6 to 1.0 mm? across the extent of
the CI insertion, whereas the ‘uniform cross-sectional’ model was fixed at 2.5 mm?, as
seen in Figure 5.13. It is worth noting that the ‘uniform cross-section’ ST represents a
rather extreme difference in the cross-sectional area between the models, which is beyond
anatomical variation found in humans. The alteration in the cross-sectional area in the
volume-scaled models (as illustrated in Figure 5.13), however, does not demonstrate a
significant influence on the force with respect to the angular insertion depth.

As predicted by the Capstan model, the insertion force is determined by the angular
insertion depth of the CI into the ST. Therefore, this finding reinforces the fact that it
is the CI contact with the wall that determines the force rather than the overall space
within the ST. At the depths inserted in this study, the cross-sectional area and the
height of the lateral wall are significantly larger than the CI, as illustrated in Figures 5.13
and 5.14, respectively. For instance, at a 20 mm insertion, the height of the lateral wall
in the ‘original’ model varies from 1.6 to 0.9 mm (Figure 5.14), whereas the CI diameter
varies from 0.6 to 0.3mm from the base to the apex.®? The size of the CI within the
ST is illustrated more directly in Figure 5.11 within a straightened ST. However, when
the CI diameter would match the height of the ST, the insertion force and mechanical
trauma are expected to increase significantly as the CI would be constrained by the top

and bottom surfaces of the ST, deviating from the Capstan model.
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Figure 5.13 Cross-sectional area of selected ST models. Representation of the cross-sections
on the ‘original’ model (left) and quantification of the cross-sectional area along the ST spiral
(right). Black cross displays 20 mm insertion distance of CI and its corresponding angular
insertion depth.
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Figure 5.14 Height of selected ST models near the lateral wall. Representation of the points
used to determine the height along the lateral wall (left) and quantification of the height
in different models (right). Black cross represents 20 mm insertion distance with CI and its
corresponding angular insertion depth in selected models.
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5.4.3 Comparison with surgical approach

It should be noted that these experiments consisted of an insertion through a scala tympani
with a fully open base rather than through a simulated round window or cochleostomy
approach. Although not exactly the clinical approach, the round window anatomy can be

101 and alters the angle of approach for the insertion. Therefore, by having

very variable
a consistent insertion trajectory with an open base, it was possible to determine the
influence of the ST size and shape on the insertion forces. This allowed the systematic
determination of the contributors to the insertion force due to the ST shape. Future
studies could focus on the angle approach of the CI insertion and the influence of many
different segmentations of the cochlea and surgical approach rather than manipulating a
single cochlea shape.

The amplitude range of the insertion forces measured in this study (approximately
50 — 200mN) were within the range measured in the cadaveric specimen listed in the
literature.?%140:217:218.247 However, these forces strongly depend on the angular insertion
depth, which is often not reported; the treatment of the cadaveric specimen (e.g., a
reduction in the endosteum — the soft tissue covering the inside of the ST lumen); and
other parameters that might affect the coefficient of friction. Hence, it is difficult to
compare the data with the published studies. Furthermore, no studies found used a
Cochlear Slim Straight electrode as used in this study, which makes comparisons to the
existing literature with different implants difficult. This supports the need for reporting
insertion forces as a function of the angular insertion to ensure a fair comparison between

studies (as discussed in Chapter 3).

5.4.4 Impact of vertical forces

The vertical forces exerted on the ST are important as they present a risk of damaging
the basilar membrane and organ of Corti structures that are crucial in providing residual
acoustic hearing. Therefore, measuring the effect of the force on the vertical z-axis could
help determine the conditions of the increased risk of the basilar membrane damage
and CI translocation between the scala, which can occur in up to 20 % of lateral wall
electrode implantations.”? The results show that the spatial frequency of the variation in
the non-planarity of the basal turn seemed to have differing effects on the insertion force.
However, there was a significant variation in the force measured, as the range of the
forces was reaching the limit of the used sensor (a sensitivity of 1.5 mN for the z-axis).

The vertical forces measured within this study are significantly lower (<5mN) than
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those measured to rupture the partition, ranging from 42 to 122 mN,''! which included
the bony osseous spiral lamina as well as the basilar membrane. However, the scalar
translocation will largely depend on the localised stress applied to the cochlear partition,
with the basilar membrane being significantly less stiff than the bony osseous spiral

lamina and, therefore, being damaged at much lower forces (see Chapter 2, Table 2.2).

5.4.5 Stress relaxation of cochlear implants

Another factor that is related to the overall insertion forces is the elastic stress held in
the CI, which can cause the CI to extrude due to stress relaxation. Due to the stepper
motor-assisted insertion, a force relaxation could be observed when the CI was held in
position at maximum insertion. The ratio of the force at a fixed distance to the maximum
force was consistent across the conditions with a median value of 0.69, except for the
‘small” and ‘tight’” models where a full insertion could not be achieved and therefore not
fully comparable, and the results were more valid (see Figure 5.15). This is likely related
to the inherent elasticity of the implant, which refers to the natural resilience of the
implant material that allows it to deform under stress and then return to its original
shape when the stress is removed. This elasticity may vary across implant brands; hence,
the same CI brand was used throughout this study to be consistent and eliminate the
variability due to the implant mechanical properties. However, it was shown that there
was no significant variability in the insertion force on the same model with repeated

insertion (see Figure 5.16).

5.4.6 Consequences of capstan model

The basic Capstan equation has been used with significant success to understand the ob-
served exponential behaviour of the cochlea insertion forces.!®® There are two particularly
unintuitive observations, however, that have not been made.

The first consideration is that, for portions of the implant in contact with the ST wall,

the bending stiffness does not affect the forces in that region. To see this, remember that

M = Elx (5.4)

where M is the bending moment, F is the elastic modulus, [ is the second moment
of the area, and k is the local curvature. The equilibrium conditions for the infinitesimal

body section when d¢ — 0 in Figure 5.2 (B) can be given by balancing forces parallel
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Ratio of relaxation to maximal insertion force
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Figure 5.15 Ratio of relaxation for when CI held static post insertion (Fpyq) to the maximal
insertion force during insertion (F,,,) for all models. Note that ‘small’ and ‘tight’ models
were not fully inserted and have significant outliers and therefore are not comparable to other

conditions.
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Force exerted on cochlear implant
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Figure 5.16 Example of the force exerted on the CI with five repeated insertions shows no
trend indicating a significant change in implant intensity over repeated insertions. Note, plot

displays the ‘flat’ condition which was randomly sampled throughout all 454+ measurements
with this implant in the study.
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(F) and normal (V) to the implant as well as the sum of the moments around the centre

of the implant section.

AT + Qd¢ — dF =0 (5.5)
dQ — Tdp — dN =0 (5.6)
dM — QRd¢ — rdF =0 (5.7)

where T' is the tension in the implant (‘tension’ is being used rather than compression
in order to remain consistent with the classical versions of the problem; note that tension
and compression forces can be obtained from each other by changing a sign), @ is the
shear force in the implant, R is the distance to the centroid of the implant, and r is the
implant radius.

It can be seen from these equilibrium conditions that this term has no effect on the
system solution as dM is zero for the locations of constant curvature. This counterintuitive
fact was first noticed by Stuart et al.?”® for the classical Capstan problem and suggests
that cochlea implant stiffness is not necessarily a limiting factor in the design. This
comes with two major caveats, however.

Firstly, the bending moment does have a significant effect on the non-contact regions,
such as at the base of the implant, and a stiffer implant may require a lateral constraint
within a supportive stiff sheath.

Secondly, the bending moment does change which parts of the implant may be in
contact. If the local tension/shear forces are not sufficient to hold the implant against
the ST lateral wall, the forces will change.

Taken together, this suggests that the optimum implant stiffness profile is for a
‘pyramid of stiffness’, chosen to always be less than required to pull the implant away
from the wall but great enough to maximise the steering control.

In the discussion above, we have made an implicit assumption based on the capstan
model that the curvature remains constant throughout the interaction of the implant
with the ST wall. However, the anatomical structure of the cochlea is a rising spiral,
with the curvature being tighter towards the apical regions. This non-uniform curvature
throughout the cochlea will lead to varying bending moments along different segments
of the implant. It’s crucial to acknowledge that as the curvature tightens, the insertion
forces could vary, potentially resulting in increased friction or resistive forces in those

regions. This variability could also influence the actual regions of the implant that
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come in contact with the ST wall. Understanding this non-constant curvature becomes
essential when designing cochlear implants to ensure optimal interaction with the cochlear
anatomy without causing damage. In light of this, while the capstan model provides
invaluable insights, for more refined predictions, it might be necessary to incorporate the
variable curvature of the cochlea.

Within the scope of the modified Capstan model, the role of the initial force, denoted
as Fyp, is paramount. Variations in this parameter can alter the behaviour of the force
curves due to its multiplicative effect, as formalised in Equation 5.3. As evidenced in
Figure 5.7 (C), some level of variability in F};, is observed across different experimental
conditions. This variability could potentially stem from the repeated mechanical stress
and consequent re-straightening of the implant between insertions. The tip of the implant
is particularly delicate; composed of a single wire and electrode plate, it not only has a
reduced diameter — narrowing from 0.6 mm to 0.3 mm — but also exhibits a heightened
vulnerability to damage after successive insertions. During the critical juncture of the
CI making initial contact with the ST lateral wall, the pliability of the tip leads to
pronounced non-linearities in this region. While our model accounts for the interaction
between F};, and the lateral wall in a multiplicative fashion, it underscores the necessity
to consider these variabilities when interpreting the forces during the initial stages of
implantation.

Nevertheless, the second consideration is just as significant: the angular insertion
depth, coefficient of friction, and tip forces are the only significant factors affecting the
implant forces. Features such as the ST size, flatness, and profile are only minor in their
impact. Particularly surprising is that the spiral geometry makes no difference at all in
the model relative to the classical circular geometry used for a Capstan model. This
suggests that the majority of the refinement effort in implant design should target the
tip profiles and developing materials with low coefficients of friction.

In an intricate analysis of cochlear implant insertion dynamics, the force exerted on
the implant adheres to an exponential trend in relation to the angular insertion depth,
akin to the classical capstan problem. The adapted coefficient, denoted as p’, extends
beyond the conventional coefficient of friction, encapsulating additional variables such as
surface texture and the cochlear structure’s complex geometry. Notably, the initial force
at the implant’s tip, Fj;,, is approximately 3mN, observed at the critical moment of
contact with the cochlear wall. The exponential coefficient ' is discerned to be around

0.017, indicating a subtler interaction than that implied by frictional components alone.
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The mathematical examination juxtaposes the initial frictional moment against the
bending moment requisite for the implant to align with the cochlea’s curvature. The
initial frictional moment, estimated using F};, and the radius of the implant’s tip r, is

given by:

My initiat = Frip -7 =3 x107°-0.15 = 4.5 x 107" Nmm (5.8)

Simultaneously, the bending moment Mpey,q4ing necessary for the implant to conform to
the cochlea’s curvature was determined by the product of the implant’s elastic modulus
E, the second moment of area I, and the curvature x (see Equation 5.4). Assuming the
elastic modulus £ to be approximately 182 MPa at the tip of the implant®**® and the
second moment of area [ for a cylindrical rod with a radius of 0.15mm, the bending

moment is expressed as:

m-0.15
4

For the curvature x, assumed as the reciprocal of a typical cochlear turn radius of

Mbending =F-1-xk=182- K (59)

3.3mm,* the resultant bending moment to match the cochlear curvature is:

Myending = 2.19 x 107> N mm (5.10)

In the initial stage of insertion, the cochlear implant encounters a minimal frictional
moment, contrasted by a significantly larger bending moment necessitated by the cochlea’s
curvature. This disparity, with the frictional moment being two orders of magnitude lower,
highlights the bending resistance as a primary design consideration. Nonetheless, a pivotal
shift occurs as insertion depth increases: frictional resistance escalates exponentially,
as evidenced in graphical data. This trend necessitates careful attention in the design
process.

At a critical juncture during insertion, the frictional moment, increasing with depth,
equals and eventually surpasses the bending moment. This transition, where frictional
resistance becomes predominant, is crucial in cochlear implant design, marking the depth
at which frictional forces become the primary challenge.

The design implications of these findings are complex. Initially, the implant tip must
have a minimal bending moment; however, it should have a sufficient structural integrity
to resist tip fold-over. Furthermore, as with the deeper insertion the frictional moment
dominates, indicating the need for methods to lower the frictional coefficient. This

could involve enhancing implant’s surface properties with biocompatible lubricants or
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modifying material properties to balance stiffness and force exerted against cochlear walls.
Furthermore, this transition point offers surgical insights, indicating when adjustments
in insertion speed might be beneficial to counter increasing friction.

As the implant advances deeper into the cochlea, the frictional moment follows
an exponential trajectory, as described by the modified Capstan equation. On the
other hand, the bending moment increases only marginally due to the cochlea spiral
shape. Figure 5.17 conceptually contrasts bending and frictional moments as functions
of angular insertion depth, underscoring the growing significance of frictional forces in

deeper insertion stages.

Estimated trend of bending vs frictional moments
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Figure 5.17 Estimated trend of bending vs frictional moments with angular insertion depth.
The bending moment (blue) represents the moment required to maintain conformity with
the cochlea’s curvature, while the frictional moment (red dashed) depicts the exponentially
increasing resistance based on the modified Capstan model. These estimates highlight the
initial dominance of bending moments and the subsequent increasing importance of frictional
moments as insertion depth progresses.

Overall, both graphical and mathematical analyses highlight the initial dominance
of bending moments and the increasing relevance of frictional moments with deeper

insertion. This emphasises the need for cochlear implants to be designed to manage both
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types of resistance, ensuring ease of insertion and structural integrity throughout the

procedure.

5.4.7 Limitations of this study

Although this study represents one of the more detailed studies of cochlear implant
forces to date, there are still limitations to this setup. The conclusions of the Capstan
model and overall forces on the cochlea do not let us investigate the local stresses on
the cochlea and the identification of the local ‘hotspots’ which could lead to localised
insertion trauma. Therefore, there is a need for high-density force sensors that could
be placed along the cochlea that could measure these localised forces. For instance, the
buckling of the implant may push on the top and bottom surface of the ST and, therefore,

cancel out forces measured with this setup.

5.5 Conclusion

In conclusion, after studying the parameters determining the CI insertion force, it is
clear that accommodating for angular insertion depths accounts for most of the variation
between the different ST geometries. Although the spatial frequency in the vertical
trajectory of the basal turn may have a statistically significant effect on the insertion force,
its small influence is unlikely to have a significant effect in surgery. These observations

are summarised in Table 5.3.

Table 5.3 Summary of the effect of ST shape manipulation on cochlear insertion forces.

Manipulation of model Impact on insertion forces with respect to angular insertion depth
Volume scaling No statistically significant difference (p > 0.05)

Overall vertical trajectory/

rising spiral No statistically significant difference (p > 0.05)

Basal turn non-planarity Higher non-planarity may decrease insertion force due to less contact (p > 0.01)
Curvature No statistically significant difference (p > 0.05)
Cross-section area No statistically significant difference (p > 0.05)

This is promising in the pre-surgical planning of a CI insertion as even a basic analysis
of the cochlear shape could feed into a predictive model of the insertion force and inform
the decision of which CI and approach to use for a particular patient. Common measures
such as the cochlear duct length and number of turns could be used to determine this
angular insertion depth-to-distance relationship. Furthermore, to reduce insertion trauma,

surgeons should consider implanting a CI to the same angular insertion depth rather
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than to a certain length of the implant. However, this comes with a trade-off between
reducing trauma and achieving optimal CI electrode positioning to achieve effective neural
stimulation. Additionally, the considerations within this paper relate to conventional
straight electrodes that are positioned along the lateral wall rather than pre-curved
electrodes which rely on the pre-tension to achieve a perimodiolar positioning.

By appreciating the consequences of the Capstan model that the tip force and
coefficient of friction are the major determinants of the insertion force for a given angular
insertion depth, it is clear that developing new CI tip designs and surface coatings to
reduce friction will likely be most effective in reducing insertion trauma. Furthermore,
the Capstan model shows that an increased stiffness of the implants may not increase
the insertion forces so long as they do not affect the implant following the lateral wall.

By combining these insights to further understand the intracochlear forces during
insertion, it may be possible to improve the CI insertion to provide an optimal electrical
stimulation while minimising the trauma. This could improve CI users’ outcomes by
retaining more of their residual hearing that provides acoustic cues to improve their
hearing. Additionally, by reducing the risks of the CI insertion, it could be possible to
widen the eligibility of CIs to include those with less severe hearing loss to provide these

benefits to a much wider patient population.






Chapter 6
Discussion

Cochlear implants have been a groundbreaking solution to severe-to-profound hearing
loss, marking a significant stride in the field of medical technology. Yet, despite their
transformative potential, these devices present certain challenges that limit their broader
application. Throughout this research, I have delved into these challenges with a focus
on how to produce accurate 3D printed models for research purposes, understanding the
extent of hearing damage, studying the forces involved in insertion, and exploring the
physical and anatomical properties of the cochlea. The aim of my research is to improve
the effectiveness and reduce risks associated with cochlear implantation.

Cochlear implants require careful and precise placement to mitigate cochlear structure
trauma and preserve any residual auditory function. The variables associated with
implantation, such as insertion speed and depth, as well as the potential benefits of
robotic assistance, were examined in a systematic review of existing literature (see
Chapter 3). The analysis revealed that higher insertion speeds tend to increase insertion
forces and intracochlear pressure in artificial cochlea models. Interestingly, this trend was
absent in cadaveric studies. It is not clear if this is due to the differences in accuracy of
measurements, where and how these variables were studied, and study volume. Clearly
more work needs to be done in this area. Furthermore, robotic assistance did not
significantly reduce maximal insertion forces compared to manual methods, suggesting
that the benefits of robotic assistance may be limited to specific contexts (e.g., hand
tremor). These findings underscore the need for further investigation and standardisation
in research methodologies to better understand the factors affecting cochlear implantation.

The surgical approach and implant type play an important role in mitigating in-
tracochlear trauma during cochlear implantation. A systematic review of literature

examining the round window and cochleostomy surgical approaches, as well as lateral
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wall and perimodiolar cochlear implant types, revealed useful insights. The round window
approach was preferred in most studies, with trauma typically observed as a rupture
of the basilar membrane, primarily found at 150° to 200° of angular insertion depth.
The cochleostomy approach raised concerns due to a higher number of trauma instances
at 0° to 50° of angular insertion depth. The majority of studies employed lateral wall
cochlear implants, with the highest occurrence of trauma at level 3 (Eshraghi et al.
scale)?!% and insertion depths of 150° to 200°. These findings highlight the significance of
implant design and surgical approach in reducing cochlear trauma and enhancing patient
outcomes.

A comprehensive literature review was carried out prior to the fabrication of the
cochlear models, focusing also on the construction of artificial cochlea models and delving
into the intricate anatomy of the cochlea (refer to Chapter 2). This review identified
fundamental features of cochlear anatomy that should be accurately replicated in the
artificial models. The insights gathered from this review were instrumental in guiding
the fabrication process of the next generation of artificial cochlea models fabricated using
SLA and DLP 3D printing technologies, a process which is detailed in Chapter 4. DLP
technology with a 30 pm layer height, combined with acrylic coating, produced the most
accurate and transparent models. These will be used as a training tool for surgeons
and could also be used for R&D purposes for researchers and by major cochlear implant
companies. Future research should aim to enhance the accuracy of the fabrication process
and explore alternate 3D-printing technologies such as two-photon polymerisation for
creating cochlea models with flexible membranes separating scalae.

Building on the success of fabricating accurate, transparent cochlear models, these were
subjected to specific geometric alterations (see Chapter 5). The aim was to thoroughly
probe the influence of distinct geometric parameters on the force exerted during cochlear
implant insertion. Analysis revealed that certain factors, including overall size, curvature,
vertical trajectory, and cross-sectional area, had minimal influence on the insertion force
when the forces were normalised to an angular insertion depth. In addition to this,
a Capstan-based model was established to characterise the cochlear implant insertion
forces, presenting satisfactory alignment with the empirical data.

Unveiling the key implications of this research, several crucial points surfaced. Firstly,
a comprehensive understanding of forces during CI insertion and their interaction with
cochlear anatomy was gleaned. This provides valuable information in refining CI design
and insertion methodologies, with the potential to minimise procedural damage and

significantly improve patient outcomes. Secondly, the study’s revelations on the primary
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factors influencing the implant forces — namely, angular insertion depth, coefficient of
friction, and tip forces — together with the information about the trauma location during
cochlear implant insertion (refer to Chapter 3), can collectively inform the design and
fabrication process of cochlear implants. Notably, a positive correlation between the
angular insertion depth and insertion force was also highlighted in Chapter 3. This
advocates for design and implantation strategy endeavours to focus on optimising depth
of insertion, tip profiles, and developing materials with lower coefficients of friction.

These insights could expedite the development of safer, more efficient cochlear implan-
tation procedures, thereby reducing risks associated with structural damage to the ear
and improving post-operative hearing outcomes. The study also offered a re-evaluation of
cochlear implant stiffness, challenging the prevalent belief of it being an absolute design
constraint. This finding could guide manufacturers towards a more focused allocation of
resources during product development. Lastly, the research introduced a novel perspective
on determinants of CI insertion forces, propelling a new trajectory for future research
and development in this crucial area of audiology.

In conclusion, the research underscores the complex interplay of factors influencing
the success and safety of cochlear implantation. The intertwined roles of insertion speed,
depth, surgical approach, and implant design each have their part in mitigating cochlear
trauma and optimising patient outcomes. The advent of accurate cochlear models using
advanced 3D-printing technologies, coupled with a more profound understanding of
geometrical parameters influencing insertion force, opens up promising avenues for future

research and innovation in cochlear implantation procedures.






Chapter 7
Conclusion

This thesis presents promising results that explore and inform future avenues within the
field of cochlear implantation, particularly relating to implantation procedures, research
methodologies, and technological prospects, along with the theoretical foundations that
guide them.

The comprehensive understanding achieved through this research, regarding the
factors that influence the success of cochlear implantation, carries potential clinical
significance. This work has shed light on the potential impact of various elements such
as insertion speed, depth, surgical approach, and implant design on minimising cochlear
trauma and enhancing surgical outcomes. Specifically, insights gained on the round
window surgical approach and certain implant designs could serve as a catalyst for
improvements in current clinical practices, offering a potentially optimised and more
standardised procedure to benefit patients worldwide.

The thesis’s emphasis on the importance of research standardisation is an echo of
a wider recognition within the scientific community. The variability in implant types
and measurement methodologies amongst research endeavours underscores the pressing
need for consistent research parameters. This standardisation is crucial in facilitating
accurate comparisons, thereby bolstering the comprehensive understanding of cochlear
implantation procedures.

Furthermore, the exploration of 3D-printing technologies and their role in improving
the healthcare sector opens a promising avenue for future investigations. The effectiveness
of Digital Light Processing and Stereolithography Apparatus technologies in creating
intricate cochlear models highlights the potential of these technologies to enhance pre-
operative planning and surgical outcomes, not only in cochlear implantation but in a

broader spectrum of surgical procedures.
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In addition to these practical implications, the development of a novel theoretical
framework — the Capstan-based model — offers a unique perspective on the relationship
between cochlear implant insertion forces and cochlear trauma. This theoretical proposi-
tion sets a platform for the conception of new surgical techniques and opens opportunities
for future research and development of new refined cochlear implants for atraumatic
insertion.

In retrospect, this thesis underscores the importance of interdisciplinary collaboration
between medical and technological research. Future endeavours in this field are encouraged
to continue the exploration of 3D-printing technologies, to foster standardisation of
research methodologies, and to delve further into the optimal techniques for cochlear
implantation. Through this, it is anticipated that the field will move closer to the goal of
improving patient outcomes in cochlear implantation, thereby enhancing the quality of

life for individuals with hearing impairments.
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Appendix A

Evaluation of Different 3D Printers

for the Fabrication of Accurate
Cochlea Model

A.1 Materials and methods

A.1.1 Preparation of 3D models

Cadaveric temporal bones were acquired from the Department of Physiology, Development
and Neuroscience, University of Cambridge, UK. These temporal bones were scanned with
micro-computed tomography (microCT) scanner Nikon XT 225 ST from the Cambridge
Biotomography Centre. The acquisition parameters of the scans were as follow: the
voltage was set to 125kV; current was set to 120 pA; the number of projections was set
to 1080; and the exposition time was 1000 ms.

Stradview 6.0 software (developed by Medical Imaging group at the Department of
Engineering, University of Cambridge, UK, particularly Dr Andrew Gee and Dr Graham
Treece) was exploited for the segmentation and 3D reconstruction of the cochlea shape
from the scans. The threshold-based segmentation was used to obtain a rough set of
cochlea contours. One example of the statistical shape model of the cochlea that best
represented an average size and shape was used and saved as a PLY file. This statistical
shape model was derived from the work of Dr Andrew Gee®” using the manual registration
and smoothing of the microCT scans of 18 human temporal bones that were collated
in wxRegSurf software (developed by Medical Imaging group at the Department of
Engineering, University of Cambridge, UK).
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The 3D model files obtained from the microCT 3D reconstructions were subsequently
manipulated in Meshmixer (Autodesk Research) computer-aided design (CAD) software.
This allowed the production of various designs based on the original 3D model file and
exporting the results to an STL file format. The designs produced include shell-like
models, ‘open-top’ models, ‘block’ (negative) cochlea, and scaling of the cochlea model.

The STL files were prepared for printing using the various manufacturers’ software.
This software generated support structures orientated the model at an angle for optimal
printing and automatically optimised parameters for the chosen resin. Subsequently, the
software slices the model and generates g-code (or equivalent), the computer numerical
control language for the printer. For printing on the Formlabs Form 3, Preform software
(Formlabs) was used to prepare the STL file that could be directly exported to the Form 3

printer.

A.1.2 Evaluation of different 3D printers

To evaluate the performance of different 3D printers, the same CAD file was printed
consistently on all printers. This model consisted of a shell-like design with 300 pm-thick
walls. The tested printers were: ProJet HD3500+ (3D Systems, Shapeways), Asiga MAX
(Asiga), Micro Plus HD (EnvisionTEC), Cadworks3D M-50 (Cadworks3D) and Form 3
(Formlabs). In cases where the printers could not be directly accessed (all printers except
the Asiga Max and Form 3 at that time), manufacturers were contacted and asked to
print and deliver a transparent generic model to the lab for qualitative analysis. Note
that 3D printed models shown in this section were printed on a Formlabs Form 3 unless
otherwise stated.

All of the 3D printers tested used resin-based additive manufacturing techniques. The
3D Systems’ printer uses its proprietary multi-jet printing (MJP) technology which is an
inkjet printing process that employs multiple printheads to deposit a photocurable resin.
Cadworks3D and Asiga 3D printers use a digital light processing technology (DLP) that
operates similarly to SLA as it exploits photopolymer reactions. However, instead of
having one spot where the light hits the resin, the whole layer is formed at once by a
projector or an LCD panel. EnvisionTEC utilises its patented continuous digital light
processing technology (cDLP), which differs from classical DLP by allowing the build
plate to move continuously during printing. The Form 3 exploits Formlabs’ developed Low
Force Stereolithography (LFS) technology which utilises the manufacturer’s proprietary
resins. LFS is an advanced form of SLA technology which uses a flexible tank and

linear illumination to reduce the forces exerted on the parts during printing. This allows
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excellent print accuracy and surface finish. Furthermore, by decreasing these forces,
smaller support contact points are required for successful printing. The print can then
be easily released from the supportive scaffold, which results in shorter post-processing

procedures and leaves fewer imperfections on the surface.

A.1.3 Formlabs Form 3 printing

The Formlabs Form 3 was used for the majority of 3D printing demonstrated in this
appendix. The maximum building volume is 14.5 by 14.5 by 18.5cm. Form 3 utilises a
laser with 405 nm wavelength and 85 pm spot-size.

The printing layer height was set to 25 um (the highest resolution). Two types of
Formlabs’ standard proprietary resins were used for our studies: Grey (V4) and Clear
(V4). Grey resin delivers a smooth, matte finish with an opaque appearance, whereas
Clear resin provides nearly optical transparency. Otherwise, all Formlabs’ standard
resins have the same material properties (tensile modulus, elongation at failure, flexural
modulus, heat deflection at 264 and 66 psi). However, the chemical composition of
these proprietary resins is not publicly available. Form 3 is only compatible with the
proprietary resins supplied by Formlabs, and other resins cannot be used.

Following the printing process, all prints were thoroughly washed of residual resin in
isopropanol (IPA) using Form Wash (Formlabs) device for 60 min. The Form Wash uses
a large tank of IPA (8.6 L) and stirring mechanisms that provide optimal washing. After
that, the prints were rewashed manually using IPA and a syringe to remove residuals
of resin from hollow and unreachable places. Finally, samples were cured using Form
Cure (Formlabs) device at 60°C for 1 h. Form Cure uses 13 multi-directional LEDs light
with 405 nm wavelength and rotating turntable, delivering continuous uniform exposure
during post-curing.

Three shapes of the artificial cochlea were fabricated using Form 3 printer: ‘shell’,
‘open-top’, and ‘block’ (negative) cochlea (see Figure A.1). All printed models consisted
of one lumen unifying all three scalae. In addition, ‘shell’ and ‘block” models had a
narrow 1 mm in diameter opening at the apex to flush out resin residues and fill the
lumen with the saline solution. The prints’ orientation toward the building platform was
optimised to deliver an optimal surface finish. The ‘shell” design was printed with a wall
thickness of 300, 100, and 50 pm (see Figure A.10). The ‘open-top’ design consisted of
‘shell’ cochlea model partially embedded in a block with the removed top part of the
lumen (see Figure A.11). ‘Block’ cochlea models were generated by fully embedding the

reconstructed cochlea model in a block of material while making a Boolean difference
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of these structures using the Meshmixer software. The basal part of the cochlea at the
beginning of the round was aligned with the edge of the block to produce an opening.
The ‘block’ model was fabricated as 1:1,1:0.75,1:0.5aswellas 1:1.25and 1:1.5

scale of the original model.

MicroCT data registration 3D reconstruction Editing in Meshmixer

> ; | g \
K

‘Block’ (negative) model ‘Open-top’ model ‘Shell’ model

Figure A.1 The workflow of developing three cochlea models: ‘shell’; ‘open-top’, and ‘block’.
The cochlea shape was segmented from microCT scans and 3D reconstructed using Stradview
software. The derived 3D object was subsequently edited in Meshmixer to create the three
models.

A.1.4 Additional post-processing

The ‘block’ cochleae that were fabricated using the Clear resin were further optimised
to deliver a nearly transparent appearance. This was achieved by coating the samples’
surface with clear acrylic lacquer spray (Aerosol Solutions LTD). Any holes in the ‘block’
cochlea models were plugged up with Blue-Tack prior to placing the models on tissue

paper in a chemical fume hood and spraying for approximately 1s from approximately
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10 cm away with the lacquer spray. This thin lacquer layer filled surface imperfections
caused by the layer-by-layer process that scatter light and produced an even finish to
improve the model transparency.

A surfactant Pluronic F-127 solution was used on the inner surface of cochlear models
to improve transparency and reduce surface friction to aid the insertion of cochlear
implants into the model. The surfactant solution was prepared by dissolving Pluronic F-
127 powder (Sigma-Aldrich) in distilled water at room temperature overnight to produce

5% solution.

A.1.5 Characterisation of printed models

3D printed models were imaged on a Leica M80 (Leica Microsystems) optical light
microscope with Moticam 1080 BMH (Motic Instruments). This was used to evaluate
the print quality and observe the implantation of cochlear implants into the model.

To evaluate the 3D printing accuracy, 3D printed models (specifically 300 pm ‘shell’
models) were analysed using Nikon XT 225 ST microrCT scanner. The acquisition
parameters of the scans were as follows: the voltage was set to 145kV; the current was
set to 85 pA; the number of projections was 1080; and the voxel size was set to 20 pm.
The stacks of images were subsequently reconstructed to form 3D models, which were
compared to the original 3D object file used for the printing. This was executed by
utilising Stradview 6.0 and wxRegSurf (for the comparison of the reconstructed 3D model
and the original 3D object file) software. The comparison was performed using 100 ‘rigid’

iteration registrations and illustrated using a Registration error heat map.

A.2 Results and discussion

A.2.1 Fabrication of artificial cochlea

Micro-computed tomography scans of cadaveric cochleae were used to produce geometri-
cally and anatomically accurate 3D models. These 3D reconstructions were developed
through segmentation in Stradview software, followed by further computer-aided design
(CAD) software processing to produce 3D printable files (see Figure A.1).

The ‘shell’ model was developed by applying normal extrusion to the model’s outer
surface (initially 300 pm). The ‘block’ model was created using Boolean difference of the

cochlea and cubic shape. The open-top model was developed by erasing the top part of
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shell” model lumen and encapsulating it in a cubic platform. The Boolean difference was

used to subtract these two shapes and produce the ‘open-top’ model.

A.2.2 Evaluation of 3D printers

In order to investigate the performance of the tested 3D printers, a consistent CAD file
of a cochlear ‘shell’ with a 300 pm wall thickness was printed on selected 3D printers.
All printed models, either printed directly or by manufacturers, were evaluated through
optical imaging.

Figure A.2 shows the specimens printed by 3D Systems. The printing quality was
sub-optimal as the cochlea lumen was not fully developed, meaning that the lumen was
blocked and could not be flushed with saline. This is likely attributed to the collapse
of the inner structure during printing or insufficient post-processing. Additionally, the
print’s low quality might be due to MJP technology. MJP relies on using paraffin wax as
a supporting material which is removed by placing the print into an oven and melting
it. As the geometry of the cochlea lumen is very intricate, it might cause an insufficient
release of the supporting material, which resulted in clogging the apex of the model.

Leon et al. utilised similar technology — polyjet printing (PJP) — for the development
of artificial scala tympani model.3! Using PJP, they observed excellent print quality with
superior smoothness of the internal surface. However, the print was only semi-transparent,
which limited application in observing the CI insertion into a model. Nevertheless, the
surface finish and the internal smoothness produced by 3D Systems’ printer were not
adequate for printing artificial cochleae.

The print developed by Asiga demonstrated higher surface smoothness and improved
geometric accuracy when compared to the 3D Systems (see Figure A.3) — looking at the
Figure A.3 C, an inconsistent pattern can be seen within the model’s lumen. This can
be attributed to the angle of the print relative to the building platform. As the print
rises from the bath, the residual resin remains in the lumen. If they are not removed
thoroughly, the print’s surface may manifest abnormalities. Asiga printer also supports
third-party resins, which is advantageous in providing flexibility in printing material.

Although EnvisionTEC (¢DLP) utilises similar technology as Asiga (DLP), its per-
formance was superior (see Figure A.4). The analysed model exhibited remarkable
geometric accuracy, positioning it as one of the superior performers within the examined
group. The model’s initial semi-transparency is promising, suggesting the potential to
attain full transparency through additional post-processing procedures. It is vital to

acknowledge, though, that this prospect remains speculative as it is yet to be empirically
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500 pm

500 pm

Figure A.2 Prints fabricated by 3D Systems demonstrated sub-optimal quality (A, B). (C)
shows unsatisfactory smoothness of the internal lumen.

Figure A.3 Prints fabricated using Asiga 3D printer. (A) and (B) illustrate a good geometric
accuracy. (C) depicts a very good smoothness of internal lumen with unrecognised pattern in
the middle.



164 Evaluation of Different 3D Printers

investigated. Notwithstanding, when gauging the surface smoothness, this model proved
subpar in comparison to the other tested counterparts. Figure A.4 C illustrates voxel
artefacts which may contribute to catching the tip of the array. Moreover, the rough
surface cannot sufficiently mimic the smoothness of the cochlear lumen. Following this

discovery, the EnvisionTEC’s performance was not further investigated.

Figure A.4 Prints fabricated by EnvisionTEC. (A) and (B) demonstrate an excellent geometric
accuracy, whereas (C) shows visible voxel artefacts.

Cadworks3D uses similar DLP technology as the abovementioned Envision TEC and
Asiga. Its performance is excellent with regards to both surface smoothness and geometric
accuracy (see Figure A.5). This can be assigned to a significantly lower layer height
which contributes to the exceptional printing resolution. Hence, the smoothness of the
internal structure is superior when comparing to EnvisionTEC’s print. Moreover, the top
view implies good initial transparency of the model, which might be further enhanced
by post-processing. However, it should be noted that this requires further investigation.
Finally, Cadworks3D supports the use of third-party resins which allows much flexibility
in material choice.

Lastly, Figure A.6 depicts a sample fabricated by Formlabs’ printer. Form 3 utilises
LFS technology (enhanced SLA) which is slightly different from DLP technology. Instead
of having a projector or LCD panel which cures the whole layer of resin at once, it focuses
a laser on curing resin at one spot at a time. Hence, the SLA printer is significantly

slower. However, this fact comes with an advantage of enhanced surface smoothness
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Figure A.5 Prints fabricated by Cadworks3D. (A) and (B) demonstrate good initial semi-
transparency and excellent geometric accuracy. (C) illustrates a superb smoothness of the
lumen.

(see Figure A.6 C) as curing the whole layer promotes ‘stair-step’ finish. Furthermore,
LFS uses a flexible tank with linear illumination which drastically reduces the forces
exerted on parts during printing and promote light-touch supports and excellent surface
smoothness without visible layers. Form 3 provided the best surface smoothness and
optimal geometric accuracy with a semi-transparent finish.

In summary, both Cadworks3D (DLP) and Formlabs (SLA) demonstrated superior
inner lumen smoothness and geometric accuracy (refer to Figure A.7). Cadworks3D
provides greater resin flexibility. Thus, Formlabs was used for cochlea model fabrication
in the next section, with future research intending to utilise Cadworks3D (see Chapter 4).

See Table A.1 for print analysis results.

Table A.1 Comparison of 3D printer’s abilities and performance.

Printing Layer height Surface Geometric Supports third party
Manufacturer Technology [pm]* Smoothness  Accuracy Resins
3D Systems MJP 16 inadequate low no
Asiga DLP 25 moderate good yes
EnvisionTEC cDLP 25 good excellent no
Cadworks3D DLP 5 excellent excellent yes
Formlabs SLA 25 excellent excellent no

*Numbers stated by manufacturer
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Figure A.6 Prints fabricated using Form 3. (A) and (B) show excellent geometric accuracy
with a ‘frosty-transparency’. (C) demonstrate the best internal smoothness of the model. The
surface imperfections visible at (A, B) were developed due to the printing supports.

3D Systems iga. MEnvisionTEC ‘

Figure A.7 Differences of performance among the tested 3D printers. Red circles depict the
smoothness of the internal lumen. Cadworks3D and Formlabs produced the most optimal
prints.
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A.2.3 Design of cochlea model

The Form 3 printer was utilised for the fabrication of artificial cochlea model. Although
this preliminary model combined all scalae as a single lumen and had an anatomically
incorrect opening, it worked as a good demonstration of SLA technology and its applica-
tion in the fabrication of artificial cochleae. Further work will consider 3D printing the
scala tympani only (see Chapter 4).

Two types of resin were investigated on the Form 3 printer. At first, Grey resin was

utilised for printing a 300 pm-thick ‘shell” model (see Figure A.8).

3D artificial “shell” shape cochlea model printed on Form 3

(A) Before sample post-processing (B) After sample post-processing

Figure A.8 3D artificial cochlea ‘shell’ produced with Form 3 using Grey resin. (A) - Image
captured immediately after printing and (B) - Image captured following the post-processing
curing phase, with a one-pound coin included for size comparison.

The fabricated models demonstrated good surface smoothness without any visible
warping effect on the model’s wall. The geometric accuracy of the print was examined
by comparing the print to the original CAD model. Figure A.9 implies that Form 3 has
good printing tolerance as the two objects overlay well. However, some differences are
noticeable on the outer surface around the apex and in the inner lumen around 360°
(angular depth). The cool colours illustrate a difference of 150 pm or more between the
surfaces of the objects, whereas the hot ones depict good fit. The differences on the
outer surface can be assigned to dust particles which might have been segmented with
the cochlea shape. The prints were attached using tape in the microCT scanner which

could potentially introduce dust particles to the sample. The variation in the inner
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lumen could be due to insufficient removal of resin or inappropriate fitting of the two 3D
objects. The latter is a result of segmenting and aligning both outer and inner surface
at once — wxRegSurf used rigid iteration registration which meant that no surface was
deformed to align with the other. This resulted in preferable aligning of the outer surface

(larger than inner) compared to the inner one.

0.000 mm 0.000 mm

F 0.0750 mm
I 0.0750 mm I

0.150 mm
0.150 mm >0.150 mm

>0.150 mm

Figure A.9 A heat map depicting a comparison of the printed model and the original 3D
object file using wxRegSurf. The differences are visible on the outer surface around apex (left)
and in the inner lumen around 360° (right). The blueish colour depicts shape irregularities of
150 pm or more.

Following the success with Grey resin, Clear resin was evaluated as the transparency
of the model is crucial for the insertion studies. In order to assess the printer’s abilities,
three wall thicknesses (300, 100, 50 pm) were printed. Figure A.9 depicts models with
various thicknesses. Moreover, two printing angles (0° and 45°) towards the building
platform were investigated. It was essential that the cochlea lumen was fully developed,
meaning that it could be flushed with IPA to remove resin residuals, and subsequently
with saline solution to mimic the real cochlea environment. These angles facilitated good
allocation of supports that did not impair the geometry of the cochlea. Both 0° and 45°
angles demonstrated successful development of the internal lumen from apex to the basal
turn.

Both 300 and 100 pym demonstrated good consistency between prints and shape-
accuracy to the CAD model used. However, 50 pm thick shell samples showed a ‘warping’
effect on the walls. This phenomenon is associated with uneven thermal contraction
during printing, the resolution limits of the printer, properties of the resin, and generally
a physical limitation as small perturbations will have a substantial effect on a thin
structure of this size. The printing structure is not thick enough to support itself, so it

collapses and thus changes the overall shape of the object (e.g. lumen). Hence, it was
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Figure A.10 3D printed artificial cochleae with 50 pm (left), 100 pm (middle), and 300 pm
(right) wall thickness. Two angles towards the building platform were examined: 0° and 45°.
Blue dye was used to demonstrate the full development (from apex to the basal turn) of the
internal lumen.

assumed that the thickness of 100 pm was a good trade-off between the wall thickness
and the quality of the printed object.

Although the ‘shell’ models were sufficient in terms of geometric accuracy and internal
smoothness; their transparency was insufficient to image objects placed into the cochlea.
Hence, the ‘open-top’ model was designed (see Figure A.11). Without the top part of
the lumen, it is possible to observe implant behaviour during insertion. This is essential
for the evaluation of insertion forces and trauma in particular locations such as the
basal turn. However, the implants ‘popped out’ of the open-top model during insertion,
which limited the model’s application. Furthermore, Hartl et al. suggested that the
measurement of the intracochlear pressure provides a direct projection of cochlear input
energy and can more precisely quantify insertion trauma than the evaluation of insertion
forces.?* To solve these issues, a thin, transparent membrane could be placed on top of
the model. Nonetheless, it would have to have a good seal with the model in order to be
useful for intracochlear pressure studies.

One of the objectives of developing artificial cochlea was to obtain a transparent
model which would be able to accommodate force sensors and recording devices in future;
as a result, the ‘block’ model was fabricated. Its cubic shape provides good handling and
can be utilised for the embedding of sensors by either drilling or printing channels within

the structure to access the cochlea. Following that, the shape also promotes transparency
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Figure A.11 ‘Open-top’ prints developed using Form 3. (A) and (B) show the missing top
part of the lumen. (C) demonstrates an excellent surface smoothness.

of the model as it has a flat surface as opposed to a curved one which is more likely
to scatter light due to surface imperfections. The cochlea size within the block was
produced at several scales: 1:0.5,1:0.75,1:1,1:1.25and 1: 1.5, to evaluate the
printer’s abilities to deliver consistent results and maintain shape accuracy at different
sizes. Furthermore, this capability will aid further studies in evaluating how cochlear
size affects insertion (as discussed in Chapter 5). All samples were fabricated without

failure and did not exhibit any geometric abnormalities.

Figure A.12 ‘Block’ model fabricated by Form 3 without any post-processing (A) and after
our optimisation procedure (B).
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Figure A.12 (A) illustrates the semi-transparent nature of the print after the UV
curing process. The print surface exhibited ‘frosty’ finish due to the layering artefacts of
the layer-by-layer printing process which is sub-optimal for the insertion studies. Hence,
a new post-processing procedure was developed to optimise the model’s transparency.
The deposition of an acrylic lacquer on the top part and a Pluronic solution in the inner

lumen enhanced transparency significantly.

A.3 Conclusion

This study provides a description of the development and fabrication of an artificial
cochlea for cochlear implant insertion studies with custom implant designs.

A 3D CAD model was successfully developed from microCT scans of cadaveric
temporal bones and converted into printable files. This model constituted a generic
model that was later exploited for the evaluation of 3D printers.

Five printers with different printing technologies were investigated for the production
of the same cochlear model. Out of the tested group, Cadworks3D (DLP technology) and
Form 3 (SLA technology) exhibited superior surface smoothness and geometric accuracy.
Form 3 was used for developing artificial cochleae and Cadworks3D was recommended
for future experiments.

Form 3 was utilised for the development of three distinctive designs of the artificial
cochlea: ‘shell’, ‘open-top’, and ‘block’ model. The ‘shell’ model was printed with three
different thicknesses of the lumen’s wall (50, 100, and 300 um) to assess the printer’s
abilities. The 100 pm-thickness was identified as an ideal trade-off between print’s quality
and the size of the wall. Additionally, the ‘shell’ model was utilised for the evaluation of
Form 3 printing accuracy. Comparing software wxRegSurf demonstrated good overall
printing tolerance of Form 3. The ‘open-top’ model was successfully developed to achieve
the best visualisation of inserted implants, although it had limitations of allowing the
implant to ‘pop-out’ during insertion. The ‘block’ model was developed to address the
issues with both ‘shell” and ‘open-top’ models. Its cubic shape facilitated good handling
of the model and provided a good base for the incorporation of sensors in future. This
design was also successfully printed in several sizes of the cochlea to demonstrate the
abilities of the printer. Lastly, the model’s transparency was significantly enhanced by
developing a post-processing procedure which enabled direct observation of the implant’s

behaviour during insertion.
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This study shows that SLA and DLP printing technologies have considerable potential

to drive the development of artificial cochlea and custom silicone arrays forward.
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