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MRI Compatible Retention System for a Bone Conduction Device

An evaluation of required design changes to Sentio Ti™ Implant for compliance with
3 T MRI scans
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Chalmers University of Technology

Abstract

Magnetic resonance imaging (MRI) compatibility is an important requirement for
implantable hearing devices, as increasing numbers of patients are expected to un-
dergo MRI examinations during their lifetime. This study evaluates the mechanical
response of the Sentio Ti™ transcutaneous bone conduction implant under mag-
netic torque corresponding to a 3 T MRI environment, with the aim of assessing
whether the current design meets established performance criteria defined at 1.5 T.
A computational approach was conducted using an existing, experimentally vali-
dated finite element model developed in LS-DYNA. The model was used to sim-
ulate implant displacement and contact pressure on surrounding soft tissue under
worst-case magnetic torque conditions. The torque at 3 T was estimated based on
proportional scaling from 1.5 T. Parametric studies were conducted to investigate
the influence of reinforcement wire properties and silicone stiffness on implant be-
haviour. In addition, alternative retention magnet concepts were explored through
a concept generation process. The results show that increasing the magnetic field
strength from 1.5 T to 3 T leads to a significant increase in mechanical response,
with displacement rising from 3.12 mm to 5.65 mm and average contact pressure
increasing by a factor of approximately 2-3. Among the investigated parameters,
reinforcement wire diameter was found to have the greatest influence on reducing
both displacement and contact pressure. However, achieving equivalent performance
to 1.5 T through structural modifications alone requires design changes that may be
impractical within current geometric constraints. Combined modifications of wire
diameter and silicone stiffness provided more feasible solutions, although they did
not fully replicate baseline pressure levels. The findings indicate that while struc-
tural optimization can significantly improve performance, it may not be sufficient to
ensure MRI compatibility at 3 T without compromising design constraints. Modi-
fications to the retention magnet system, such as enabling rotational alignment or
controlled movement, are therefore identified as promising strategies. This work pro-
vides quantitative insight into implant behaviour at higher magnetic field strengths
and supports the development of next-generation MRI-compatible bone conduction
devices.

Keywords: MRI compatibility, bone conduction, transcutaneous implant, magnetic
torque, FEM, LS-Dyna, contact pressure, implant displacement, retention magnet,
Sentio Ti™
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1

Introduction

Hearing loss is a growing global problem and the World Health Organization (WHO)
estimates that by 2050, 2.5 billion people worldwide will have some degree of hearing
loss, of whom more than 700 million will require some form of hearing rehabilitation
or hearing aid [1]. Without appropriate aid, hearing loss can impair communication
and negatively affect quality of life, as well as educational and professional opportu-
nities. Hearing loss may be congenital or acquired and depending on the underlying
cause, different types of hearing aids are used. There are three main types of hearing
loss treatments; conventional hearing aids, cochlear implants and bone conduction
systems. The latter are meant for patients with conductive, mixed hearing loss or
single-sided deafness. These systems are available in both percutaneous and tran-
scutaneous forms. Percutaneous implants involve a direct connection to the skull
via an abutment anchored in the bone that penetrates the skin. Transcutaneous
solutions, on the other hand, transmit vibrations to the inner ear via an implanted
transducer while keeping the skin intact. These implants include a permanent re-
tention magnet, which may lead to compatibility issues during Magnetic Resonance
Imaging (MRI) examinations. As these examinations become increasingly common,
individuals with hearing implants are likely to require at least one MRI scan during
their lifetime [2]. Considering this, ensuring MRI compatibility is essential for main-
taining equal access to medical diagnostics. Oticon Medical AB (Askim, Sweden)
is therefore working to improve the MRI robustness of their transcutaneous bone
conduction implant, Sentio Ti™.

1.1 Background

The Sentio™ system, developed by Oticon Medical AB, is a transcutaneous bone
conduction system intended for patients with conductive or mixed hearing loss and
single-sided deafness [3]. The system consists of an external sound processor and an
implant positioned beneath the skin, see Figure 1.1.
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Figure 1.1: Sentio system including external sound processor and Sentio Ti™
implant. Image provided by Oticon Medical.

The implant is surgically positioned behind the ear and consists of a transducer an-
chored to the skull and an antenna part overmolded by silicone. The antenna part
contains a receiver coil, magnet housing and a permanent retention magnet, which
enables coupling to the external sound processor. In this report, the term Sentio
refers to Sentio Ti™, i.e. the implant. The term antenna refers to the entire flexible
part overmolded by silicone, including the coils, retention magnet and reinforcement
wire, see Figure 1.2.

Transducer

Figure 1.2: The Sentio Ti™ implant consisting of a bone-anchored transducer and
an antenna, from Oticon Medical.

In a MRI examination, the strong magnetic fields can induce forces and torque in
implants, especially in components containing permanent magnets [4]. In the Sentio
Ti™ implant, the retention magnet is therefore expected to be the most susceptible
component to mechanical displacement.

Previous work has investigated the behaviour of the implant under MRI conditions.
Bench tests conducted by Oticon Medical were used as the basis for the previously
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performed simulations. These simulations showed that the implant experiences dis-
placement when exposed to a magnetic field of 1.5 Tesla (T). Clinical testing reported
no severe discomfort, and the implant is now FDA-approved and conditionally ap-
proved for MRI scans at 1.5 T.

However, higher magnetic field strengths such as 3 T are increasingly used in clinical
practice [5]. At these field strengths the induced magnetic torque on the implant in-
creases. This can lead to greater displacement of the antenna and higher mechanical
loading on the surrounding tissue, potentially leading to pain or rupture of overlying
tissues.

While Sentio is conditionally approved for MRI at 1.5 T, its mechanical response
under 3 T conditions remains unknown. In particular, the resulting displacement
and tissue loading due to increased magnetic torque have not been quantitatively
assessed. Further investigation and improvement of the MRI robustness of the
implant is required to get it approved for MRI scans of 3 T.

1.2 Aim

Through the use of computer modelling and theoretical calculations, this project
aims to evaluate the mechanical response of the Sentio implant under 3 T MRI
conditions. Specifically, the study will quantify implant displacement and contact
pressure on surrounding tissue and compare these results with existing data at 1.5
T. Based on these findings, the study will assess whether design modifications to
the retention magnet system are required to achieve MRI compatibility at 3 T with-
out exceeding the mechanical limits observed at 1.5 T. The project will generate
quantitative data on how the implant behaves at magnetic field strengths of 3 T,
and provide input to the future strategies on the development of next-generation
transcutaneous bone conduction devices.

A key challenge of this project will be to enhance MRI performance while preserving
the functional and design advantages of the current system, as required by Oticon
Medical. The issue being investigated is specified by the following questions:

o« What are the worst-case displacement and contact pressure on surrounding
tissue experienced by the implant under torque corresponding to 3 T MRI
conditions, and how do these compare to 1.5 T MRI?

o What design changes of the implant, except for the magnet itself, are needed
to maintain displacement and contact pressure equal to those at 1.5 T?

« What alternative retention magnet concepts could enable MRI compatibility
at 3 T for this particular transcutaneous implant design?
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1.3 Limitations

This study is limited to the evaluation of the retention magnet system and how it
affects the antenna of the implant under 3 T MRI conditions. The bone-anchored
transducer component and the external sound processor will be excluded.

The study focuses on the induced torque acting on the implant in the isocentre of
the MRI bore. Only the static magnetic field By will be considered, while the effects
of radiofrequency fields and time-varying gradient fields are neglected due to their
comparatively smaller contribution to mechanical torque.

This is a computational study that will be based solely on literature review, simu-
lations and concept generation. It does not include bench testing or experimental
validation, nor does it include any experiments on real patients. However, the al-
ready existing computational model is validated from bench tests and is therefore
considered appropriate.

A simplified representation of the implant was used in the computer simulations.
It was developed in collaboration between Oticon Medical and FS Dynamics based
on the implant’s behavior in a bench test corresponding to a 1.5 T MRI scan. The
model does not include magnetic properties, instead, it takes torque as input and
yields mechanical behaviour as output. The torque used in the simulations cor-
responds to the worst-case scenario, that is, when the B, field and the retention
magnet is completely perpendicular. No other angles between magnet and By will
be investigated. The magnetic field inside the bore is assumed to be horizontal and
can have either positive or negative direction along the z-axis.

This project will strive for the implant to be conditionally approved and the condi-
tions will be assumed to be the same as for the current implant in 1.5 T. Importantly,
during this work, no other possible MRI incompatibility issues such as demagneti-
zation, induced sound, heating or the impact of 3 T on the transducer have been
considered.
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Theory

This chapter introduces necessary concepts for this project, including the auditory
organ, conduction of sound, hearing loss and corresponding aids, MRI, medical
implants and magnetic materials.

2.1 The Auditory Organ

The auditory organ is responsible for detecting, transmitting and processing sound
[6]. It is anatomically divided into the outer ear, the middle ear and the inner ear,
as illustrated in Figure 2.1 below.

Outer Ear Middle Ear Inner Ear

Semicircular

Vestibular

Auditory
nerve

Temporal

Y
»~Ear canal Eardrum

Eustachian
tube
Cochlea

Figure 2.1: Anatomy of the human ear, from [7].

Sound waves are first collected by the outer ear and guided through the ear canal to
the eardrum. The resulting eardrum vibrations are transmitted through the middle
ear by the ossicular chain, consisting of the malleus, incus and stapes before entering
the oval window of the cochlea [8].

The middle ear acts as an impedance matching system that transfers sound vibra-
tions from air to the fluid-filled inner ear [9]. Vibrations of the stapes at the oval
window create fluid motion inside the cochlea where mechanical vibrations are con-
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verted into electrical signals by sensory hair cells [6].

These electrical signals are transmitted through the auditory nerve to the brainstem
and further to the auditory cortex, where sound is processed and perceived [6].

2.2 Conduction of Sound

Sound vibrations can reach the inner ear and cochlea in three main ways: air con-
duction (AC), bone conduction (BC) and body conduction [10]. As illustrated in
Figure 2.2, AC is the primary way sound is perceived and occurs when sound travels
through the ear canal to the cochlea. BC occurs when vibrations are transmitted
through the skull bone directly to the cochlea, while body conduction refers to vi-
brations transmitted through the skeleton, fluids and soft tissue in the body.

Figure 2.2: Illustration of sound transmission to the cochlea via AC (blue) and
BC (orange). Adapted from [7].

Environmental vibrations can also induce vibrations in the skull, creating a BC
component in hearing [11]. In a healthy ear, where sound is efficiently transmitted
through AC, the BC component is generally negligible compared to AC.

However, BC provides an alternative pathway for sound to reach the cochlea and
can therefore be beneficial for individuals with conductive hearing impairments [12].
In this case, vibrations are transmitted through the skull bone rather than the ear
canal and are converted into fluid motion in the cochlea, enabling sound perception
in a similar way to AC [13].

When a person vocalizes, they perceive their own voice through both AC and BC
[14]. Sound travels through the air into the ear canal, but vibrations also reach the
inner ear through the skull, including the vocal cords and teeth. When the voice is
recorded and played back to the person, it often sounds different because the BC
component is absent and only the AC component is heard.
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2.3 Hearing Loss

Hearing loss can be both congenital or acquired later in life [15]. It is mainly clas-
sified into sensorineural, conductive or mixed hearing loss. Other forms also occur,
such as single-sided deafness (SSD). Sensorineural hearing loss (SNHL) is the most
common form of permanent hearing loss, accounting for approximately 90% of all
cases [16]. SNHL occurs when the sensory hair cells in the cochlea or the auditory
nerve are damaged. This usually happens due to aging or noise-related trauma, and
is generally irreversible.

In contrast, conductive hearing loss results from dysfunction in the outer or middle
ear that prevents sound from being efficiently transmitted to the inner ear while the
sensory hair cells remain intact [17]. Congenital cases are typically associated with
malformations of the outer or middle ear [18], while acquired conductive hearing
loss is most often related to infections, trauma, or degenerative changes [19]. A
conductive hearing loss is in many cases treatable by surgery or prostheses. Figure
2.3 illustrates where the dysfunction is located in the auditory organ for both SNHL
and conductive hearing loss.

Outer Ear Middle Ear Inner Ear Outer Ear Middle Ear Inner Ear

(a) SNHL, located in inner ear. (b) Conductive hearing loss, located
Adapted from [7]. in middle or outer ear. Adapted from [7].

Figure 2.3: Location of sensorineural vs conductive hearing loss.

Mixed hearing loss refers to a combination of both sensorineural and conductive
components, where both the sound transmission pathway and the inner ear are
affected [20]. It may occur when a person with pre-existing SNHL develops an ad-
ditional conductive component, such as middle ear infection or effusion [21]. Tt may
also result from trauma, chronic ear disease or congenital abnormalities affecting
multiple parts of the auditory system.

SSD is characterized by severe-to-profound hearing loss in one ear while hearing

in the contralateral ear remains normal or near normal [22|. Treatments of SSD
focuses on improving functional hearing and options include contralateral routing

7
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of signal (CROS) hearing aids, bone conduction devices, or cochlear implants in
selected cases [22]. The choice of hearing aid depends on the etiology of the hearing
loss, duration of deafness, and individual listening needs.

2.4 Hearing Aids

Hearing aids are used to support people with different types of hearing loss, and the
choice of aid depends on the type and severity of the hearing impairment.

AC hearing aids amplifies the sound and delivers it through the ear canal to the
eardrum [23]. These devices rely on the natural sound transmission pathway through
the outer and middle ear and are therefore mainly used for SNHL. Another alter-
native for SNHL is cochlear implants, a solution typically used for patients with
profound deafness.

For patients with a conductive hearing loss, BC hearing aids can be used [24]. These
devices transmit sound to the cochlea through vibrations of the skull, thereby by-
passing the outer and middle ear.

BC systems exist in both non-implantable and implantable forms [25]. Non-implantable
devices, such as softband systems, are mainly used in children or as a temporary
solution to evaluate BC hearing before surgery [26]. Implantable systems can be
categorized as either percutaneous or transcutaneous [25]. Percutaneous implants
involve a direct connection to the skull via a titanium implant anchored in the bone
with an attached abutment that penetrates the skin. Figure 2.4 illustrates how
sound vibrations are transmitted to the inner ear through the implant anchored
in the skull. However, permanent penetration of the skin is associated with an
increased risk of complications, such as infection and inflammation. To overcome
these limitations, transcutaneous implants have been developed.

Figure 2.4: A percutaneous bone anchored hearing aid, image provided by Oticon
Medical.
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2.4.1 Transcutaneous Bone Conduction Implants

Transcutaneous BC implants transmit sound to the inner ear while keeping the skin
intact [25]. The system consists of an external sound processor and an implant, see
Figure 2.5.

Figure 2.5: Transcutaneous bone anchored hearing aid, image provided by Oticon
Medical.

The external sound processor contains a microphone that capture incoming sound
and convert it into an electrical signal [24]. The processor is held in place on the skin
by a magnet that couples to a corresponding retention magnet inside the implant
[25]. Signal transmission between the external processor and the implant occurs
through inductive coupling using a transmitter and a receiver coil. The transducer
in the implant receives power and sound signals through the inductive coupling from
the externally worn sound processor.

Inside the implant, the electrical signal is converted into mechanical vibrations by
the transducer attached to the skull bone [24]. These vibrations are then transmitted
through the skull to the cochlea via BC.

2.4.2 Transcutaneous Solutions on the Market

There are three companies on the market of BC hearing aids; Cochlear (Sydney,
Australia), MED-EL (Innsbruck, Austria) and Oticon Medical (Askim, Sweden).
Each company has their own active transcutaneous solution with the same principle
but they all work slightly different. All solutions involve a subcutaneous implant
that consists of an antenna overmolded by silicone, a transducer part in titanium
attached to the bone, as well as an external sound processor held in place by a
magnet. The transducer part of the implant is anchored to the mastoid part of the
temporal bone and the antenna is connected to the sound processor using magnetic
retention.
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2.4.2.1 Cochlear Osia

The transducer part of Osia® consists of the OSI300 implant that is attached with
a fixation screw to the bone-anchored BI300 implant [27]. Osia® is the only active
transcutaneous BC system that is conditionally approved for MRI scans in magnetic
field strengths of both 1.5 T and 3 T, with magnet in place. The magnet cassette
contains a diametric magnet that rotates within its casing and can thereby align
with the external magnetic field [28]. In that way it reduces any movement of the
implant due to magnetically induced torque. Its system output frequency range is
between 400 Hz - 7000 Hz [27].

2.4.2.2 MED-EL Bonebridge

Similar to Sentio, Bonebridge™ is conditionally approved for MRI scans at 1.5 T
magnetic field strength [29]. The sound processor has a bandwidth of 250 - 8000
Hz. Bonebridge™ has a flexible design to fit different anatomies, and the transition
between the transducer and the receiver coil can bend up to 90° in any lateral
direction. It can also bend up to 30° medially to fit to the curvature of the skull.
In that way, it can be placed at many different positions on the temporal bone,
depending on anatomical circumstances.

2.4.2.3 Oticon Medical Sentio

The Sentio system consists of the Sentio Ti™ implant, placed under the skin, com-
bined with Sentio 1 Mini sound processor outside of the skin. It is the smallest
transcutaneous sound processor on the market with a bandwidth of 200-9500 Hz, as
well as the smallest implant on the market [30].

Around the retention magnet there is a surrounding receiver coil, and the entire
implant has an overmolded silicone rubber apart from the bottom part of the trans-
ducer casing, see Figure 2.6. The bone-anchored transducer is fixated using a flexible
fixation band that is attached to the skull bone with two small fixation screws, en-
gaging 2.7 mm into the bone [31]. Between the two parts of the implant there is a
flexible implant neck with a reinforcement wire and overmolded silicone rubber that
can bend up to 30° in each direction.

The retention magnet is a fixed permanent magnet and the implant is therefore at
risk of movement from torques acting on the implant as well as demagnetization of
the magnet if the patient undergoes an MRI. Currently, Sentio is approved for MRI
scans under specific conditions, namely static magnetic field strength of 1.5 T only.
If the patient requires an MRI scan of 3 T or higher, the implant needs to be taken
out before the examination.
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Figure 2.6: Components of the Sentio Ti™ Implant, from [32].

2.5 Magnetic Resonance Imaging

MRI is a non-invasive method of medical imaging. It differs from other scanning
methods as it does not expose the patient to any ionizing radiation while providing
high resolution images of the tissues in the body [33]. The following section describes
the main principles of how it works.

2.5.1 Basic Principles of MRI

MRI is based on the magnetic properties of hydrogen nuclei in the human body [34].
The hydrogen nucleus consists of a single proton, which has a quantum spin and
a magnetic dipole moment. Because of this magnetic moment, the proton behaves
like a tiny magnet. Hydrogen is well suited for MRI because it is abundant in bio-
logical tissue, as the human body consists largely of water and each water molecule
contains two hydrogen atoms.

A clinical MRI scanner consists of three main hardware components: the main
magnet, the gradient coils, and the radiofrequency (RF) coils [34]. Figure 2.7 shows
the MRI scanner together with the bore where the patient is positioned.

11
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Figure 2.7: MRI scanner, from [35].

The main magnet generates a strong and uniform static magnetic field referred to
as By. When a person is positioned in the centre of the magnetic field inside the
bore, the magnetic moments of the hydrogen atoms in the body experience a torque
[34]. This causes the hydrogen atoms to align either parallel or anti-parallel to the
magnetic field. A small excess of protons will align parallel to the magnetic field,
resulting in a net magnetization in the direction of By.

In addition to this alignment, the proton magnetic moments rotate around the mag-
netic field direction in a motion called precession [34]. To generate a measurable
signal, a RF pulse is applied to disturb the net magnetization and creates a com-
ponent perpendicular to By. When the RF pulse is switched off, the protons will
return to align with By through a process called relaxation. This induces a time-
varying electrical signal detected by RF receiver coils. The relaxation time depends
on tissue properties which is used to create contrast in MRI images.

To form an image, spatial information must be added to the signal [34]. This is
achieved using magnetic field gradients from gradient coils inside the main magnet.
By rapidly switching these gradients on and off, the gradients make the precession
frequency position dependent. This allows the MRI signal to be spatially encoded
and reconstructed into an image.

2.5.2 Magnetic Field Strength: 1.5 T vs 3 T

Clinical MRI systems most commonly operate at magnetic field strengths of 1.5 T
or 3 T [34]. A higher magnetic field strength leads to an increased signal-to-noise
ratio (SNR), which can be used to improve image resolution or reduce scan time [36].
For this reason, 3 T systems can provide better visualization of certain anatomical
structures compared to 1.5 T systems.

Higher field strength is not always advantageous, and the choice between 1.5 T and
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3 T depends on the specific imaging task and availability at the hospital [37]. At
3 T, magnetic susceptibility effects are stronger which can lead to increased image
artifacts. This usually happens near air-tissue interfaces and in the presence of
metallic implants. In addition, higher field strengths require stronger RF pulses,
which leads to increased energy absorption in the body. This increases the specific
absorption rate (SAR), a measure of the RF energy absorbed by body tissue, which
can limit how RF pulses are applied and may restrict scan settings.

Higher field strengths are also associated with increased acoustic noise during scan-
ning [37]. In addition, strong magnetic fields may cause temporary discomfort in
some patients, such as dizziness or nausea [38].

2.6 Medical Implants in the MRI Environment

Medical implants are exposed to several electromagnetic fields during an MRI ex-
amination, including the static magnetic field, the RF field, and the time-varying
gradient fields. These fields may interact with implants in different ways, depending
on factors such as the material properties, electrical conductivity, geometry, implant
location, and the strength of the MRI system.

2.6.1 Static Magnetic Field Interactions

The static magnetic field in MRI interacts with implants containing ferromagnetic
materials, i.e. materials that are strongly attracted to magnetic fields, and pro-
duces mechanical forces and torque [39]. These interactions depend on the magnetic
susceptibility of the material as well as the strength and spatial variation of the
magnetic field.

2.6.1.1 Translational Force

Translational forces arise from spatial variations in the magnetic field and act to
move an implant toward regions of higher magnetic field strength [39]. The mag-
nitude of this force depends on the magnetic properties of the material and the
spatial gradient of the magnetic field By. These forces are typically strongest near
the entrance of the MRI bore where the field gradient VB, is largest [40]. As the
object then approaches the isocentre, the magnetic field becomes more uniform and
the translational force decreases.

For an object that can be approximated as a magnetic dipole, the translational force
Frrans can be expressed as:

FTrans =m- VB() (21)

where m is the magnetic dipole moment and V By is the spatial gradient of the static
magnetic field.
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2.6.1.2 Magnetic Torque

Implants with magnetic moments may also experience torque in the presence of the
static magnetic field. Unlike translational forces, torque depends on the magnetic
field strength rather than the field gradient [40]. This torque tends to rotate the
implant so that the magnet aligns with the main magnetic field [39], see Figure 2.8
below.

N oo |

(a) Magnet in magnetic field. (b) Magnet aligned with magnetic field.

Figure 2.8: Torque forces acting on a magnet in an external magnetic field, result-
ing in magnet aligning with the field.

The magnetic torque 7 acting on an object with magnetic moment m in a magnetic
field By can be expressed as:
T=mX BO (22)

The magnitude of the torque can also be written as:

T =mDBysind (2.3)

where 6 is the angle between the magnetic moment and the magnetic field, which
means that the absolute maximum torque occur at +90°.

2.6.1.3 Other Static Field Effects

Metallic implants can distort the static magnetic field and produce image artifacts
such as signal loss or geometric distortion [41]. For implants containing permanent
magnets, exposure to the static magnetic field can also lead to demagnetization
depending on the field strength, the magnetic material and the orientation between
the external field and the magnetization vector [42]. This may reduce the magnetic
strength and affect the mechanical retention or performance of the device.

2.6.2 Radiofrequency Field Interactions

During MRI examinations, the transmitted RF energy is absorbed by the patient’s
tissue and converted into heat through electromagnetic induction [39]. The amount
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of absorbed energy is quantified by the SAR, expressed in W /kg. Conductive medical
implants can interact with the RF field and induce electrical currents. In elongated
conductive structures, such as leads or wires, resonant behavior may occur and
cause localized heating. The risk of RF-induced heating depends on several factors,
including the RF wavelength, the geometry of the implant and its position within
the RF field.

2.6.3 Time-Varying Gradient Magnetic Field Effects

The time-varying gradient magnetic fields used for spatial encoding in MRI can
induce electric fields in the body [39]. These electric fields can generate currents
in tissue and can lead to peripheral nerve stimulation. In patients with conductive
implants, gradient-induced currents can also occur in the device, especially in leads
or wires. This can increase the risk of nerve stimulation or interfere with the func-
tion of active implants. The induced currents can also cause mechanical torque or
vibration of the implant. Heating from gradient-induced currents is generally lower
than RF-induced heating, but mechanical vibration can still be a potential safety
concern.

2.6.4 MRI Safety Classification of Medical Implants

The MRI safety classification of medical implants is defined by the ASTM F2503
standard [43], which specifies the terminology and labeling used for medical devices
in the magnetic resonance (MR) environment. According to this standard, devices
are classified as MR Safe, MR Conditional or MR Unsafe. MR Safe devices are
composed of non-metallic, non-conductive, and non-magnetic materials and are not
associated with known risks in the MR environment. MR Conditional devices have
been demonstrated to be safe under specific MRI conditions, such as limits on static
magnetic field strength, spatial magnetic field gradient, RF exposure or SAR. In
contrast, MR Unsafe devices are associated with unacceptable risks in the MR en-
vironment, such as strong magnetic forces, excessive heating, or device malfunction
and must therefore not enter the MRI scanner room.

2.6.5 Sentio in the MRI Environment

During MRI examinations, the static magnetic field interacts with the magnetic
moment of the retention magnet and generates a torque that attempts to align the
magnet with the external magnetic field. Since the antenna is allowed to move
and the magnet cannot freely align, the torque instead causes deformation of the
surrounding silicone and thereby tissue. As a result, the magnet is pushed upward
within the antenna while the antenna itself can partially lift from the skull surface,
leading to a displacement of the antenna relative to the bone, pushing the skin
upwards. Figure 2.9 illustrates the direction in which the antenna attempts to
move under the applied worst-case torque. However, the illustration is intended
for conceptual understanding and does not represent the actual magnitude of the
motion. The magnet is encapsulated within the silicone of the antenna and cannot
detach or leave the implant.
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Figure 2.9: Torque acting on transcutaneous implant with permanent magnet.
This is how the implant "wants” to move.

2.7 Materials in Medical Implants

The materials used in medical implants needs to fulfil certain property requirements
[44]. The implant needs to be made of a biocompatible material that does not
affect the function of the implant. Other requirements of the material to take into
consideration are durability, cost, and feasible fabrication and production.

2.7.1 Biocompatibility

Biocompatibility refers to a materials ability to perform as wanted in the body
without causing any harm to the tissue, inflammatory reaction or damage to the
material [44]. The biocompatibility of a material should always be evaluated based
on its intended use, i.e. there is no such thing as a biocompatible material in general
[45]. The biocompatibility of materials used in implants are evaluated based on the
person and surrounding tissue in the body at wanted implant site.

2.7.1.1 Young’s Modulus (E)

For an implant to be biocompatible, it is often desirable for it to have similar stiffness
as the surrounding tissue [46]. In other words, the material should have a similar
Young’s modulus, or elastic modulus, as the surrounding tissue. Young’s modulus
E describes the relationship between the stress and strain of a material during
deformation and thus quantizes the resistance of the material when being stretched
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or compressed [47]. For example, titanium is a relatively stiff material with a Young’s
modulus of around 105 GPa, while a soft and flexible material such as a silicone
rubber behaves completely different and has a low modulus of around 1-10 MPa.

2.7.1.2 Materials used in Clinical Practice

Titanium is widely used in medical implants due to its ductility, durability, and cor-
rosion resistance [44]. Furthermore, it is non-ferromagnetic and therefore generally
compatible with MRI scans. Titanium promotes osseointegration and is therefore
considered standard for bone implants. Although its elastic modulus is closer to that
of cortical bone than many other metals, ongoing research aims to develop titanium
alloys with an even lower modulus to further reduce mechanical mismatch [48]. The
elastic modulus of cortical bone is approximately 20 GPa, which is substantially
lower than that of conventional titanium implants.

However, the mechanical environment of subcutaneous implants differs significantly
from that of bone. Human skin is soft and flexible, but the exact skin properties
vary with age, anatomical location and individual factors [49]. The mechanical prop-
erties varies depending on how the collagen fibres, cells and ground substance are
organized. Skin tissue has a complex three-dimensional network of fibres, but the
predominant fibre direction is parallel to the surface. Studies have determined that
Young’s modulus of skin typically ranges around 20 MPa, with variations depending
on location, age and skin thickness [50], [51], [52].

Silicone are commonly used as a material in implants intended for contact with
soft tissue, due to their elasticity, chemical stability, and low allergenic potential
[53]. They are also heat-resistant and can thus be sterilized and stable for a long
period of time. A significant stiffness mismatch between an implant and the sur-
rounding tissue can lead to stress concentrations at the tissue-implant interface
which may result in local irritation, inflammation, pressure-induced tissue damage,
and patient discomfort. Materials with a low Young’s modulus, such as silicone
elastomers, better match the mechanical properties of soft tissue and deform more
similarly to the surrounding tissue during movement. A silicone rubber provides
an improved mechanical match compared to harder materials such as metals [54],
[55]. This improved compliance reduces mechanical irritation and contributes to
enhanced long-term tolerance of subcutaneous implants.

2.7.2 Materials currently used in Sentio

Sentio consists of, as mentioned previously, a bone-anchored transducer together
with the antenna containing the receiver coils and permanent magnet.
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Figure 2.10: Sentio. Image provided by Oticon Medical.

The permanent magnet currently used in the implant is a Sintered Samarium Cobalt
magnet, also referred to as SmCo or Rare Earth magnet. The magnet is located in
a casing made of a titanium alloy, namely Ti6Al4V Grade 5. The housing is in turn
attached to the transducer by a reinforcement wire in titanium Grade 2. The wire is
circular with a diameter of 0.6 mm and is welded in both ends. Its elastic modulus,
or Young’s modulus, is 105 GPa.

Around the magnet, there is a receiver coil in gold which picks up the signals from
the external sound processor and transfers them to the transducer. The implant is
overmolded by a liquid silicone rubber, with Shore 40A hardness.

2.8 Mechanical Properties of Silicone Elastomers

The mechanical properties of elastomers are often described using the Shore (durom-
eter) hardness scale [56]. Different Shore scales exist depending on the stiffness of
the material, such as Shore A and Shore D. The Shore A scale is typically used
for softer elastomers and rubbers, while Shore D is used for harder elastomers and
rigid polymers. The Shore hardness scale ranges from 0 to 100, where lower values
correspond to softer materials and higher values indicate harder materials [57].

Although Shore hardness is not a direct measure of stiffness, it is related to the
elastic modulus of elastomer materials. An approximate relationship between Shore
A hardness and Young’s modulus can be written as:

~0.0981(56 + 7.66.5)
~0.137505(254 — 2.545)

(2.4)

where E' is the Young’s modulus in MPa and S is the Shore A hardness [58].

Using this relationship, approximate Young’s modulus values for different Shore A
hardness levels can be estimated. The calculated values are shown in Table 2.1.
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Table 2.1: Approximate relationship between Shore A hardness and Young’s mod-
ulus for elastomers.

Shore A Young’s modulus (MPa) Relative stiffness

20 ~0.7 ~0.4x
30 ~1.2 ~0.7x
40 ~1.7 1.0x

20 ~2.5 ~1.5%
60 ~3.6 ~2.1x
70 ~5.5 ~3.2x
80 ~9.3 ~5.5X
90 ~20.8 ~12.2x

As can be seen in Figure 2.11, the relationship is non-linear.

Young's modulus vs Shore A hardness

@

Young's modulus (MPa)
3

20 30 40 50 60 70 80 90
Shore A hardness

Figure 2.11: Relationship between Shore A and Young’s modulus.

2.9 Euler-Bernoulli Beam Theory

The Euler-Bernoulli beam theory is a simple theory for describing how a beam de-
flects when it is exposed to a load [59]. It is a simplification of the linear theory of
elasticity and thereby assumes that the material is linearly elastic. The theory also
assumes that the cross-sectional area of the beam remains plane and normal to the
deformed axis after deformation, and neglects any shear deformation or rotary iner-
tia effects. It is mostly useful for long and slender beams and not applicable for short
or thick beams. For this project, the reinforcement wire in Sentio is assumed to be-
have as a classic beam and to be slender enough to use Euler-Bernoulli beam theory.

According to Euler-Bernoulli beam theory, the relationship between bending mo-
ment and curvature is given by:

d?w(zx)

M (z) = EI k(z), k(x) ~ 22

(2.5)
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where M (z) is the bending moment, E' is Young’s modulus, I is the second moment
of area, and k(x) is the curvature of the beam [60]. The product ET is known as
the flexural rigidity, or bending stiffness, and is a constant of the beam. If the wire
is a circular wire, the cross-sectional area moment of inertia is defined as:

md?
Leircie = —— 2.6
T 64 (2:6)

and the bending stiffness of a circular wire is therefore:

wd*

ElI=FE —
64

(2.7)

This means that the bending stiffness E[ is proportional to d*, EI o d*. Thus, if
Young’s modulus E' is kept constant, the stiffness depends on the diameter of the
wire only. If instead the diameter is kept constant, the stiffness depends only on
Young’s modulus.

However, for a wire with a square profile, the area moment of inertia becomes:

(14

]square = E (28)

where a is the side-length of the square. Here, the bending stiffness ET is instead
proportional to a* [61].

If the diameter of the circle equals the side of the square, d = a, the comparison
between a circular wire and a square wire is as follows:

]square - a4/12 - E ~
Lipae md*/64 31~

1.7 (2.9)

Based on this theory, a square wire is 70% stiffer than a circular wire if the side-
length and diameter is the same. The Euler-Bernoulli beam theory forms the basis
for changing the parameters of the reinforcement wire properties in this project.

In reality, however, a square wire with sharp edges experiences more stress con-
centration at its corners compared to a circular wire [62]. This concentration of
stress could cause the wire to experience locally higher tensions in the corners with
a higher risk of crack initiation, and thereby a lower long-term stability compared
to a circular wire.

2.10 Modelling in LS-DYNA

This project involves a model built in the Finite-Element method (FEM) solver LS-
Dyna explicit R14.0.0.
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2.10.1 Finite Element Method

The FEM is a numerical method used to solve differential equations that describe
physical problems [63]. Instead of solving these equations for the entire model at
once, the domain is divided into smaller parts called elements. Within each element,
the unknown variables are approximated using simple functions. By combining all
elements, the overall behaviour of the model can be described and solved using a
system of equations.

LS-DYNA is a finite element solver developed at Livermore Software Technology
Corporation and is maintained by Ansys [64]. It is widely used to analyse non-linear
problems involving large deformations and complex interactions between materials.

In FEM, the elements are connected at nodes, where the unknown variables are cal-
culated [65]. Different types of elements are used depending on the geometry [64].
Solid elements are typically used for thicker parts, while shell elements are used for
thin structures.

A model is built by combining several parts that represent different components
of the system being modelled [64]. Each part is assigned a material model and
connected to other parts using contact definitions or constraints, allowing interaction
during deformation. Loads and boundary conditions are applied to describe how the
model is fixed and what forces or moments act on it, such as forces, displacements
or moments applied to specific parts of the model. For materials that undergo large
deformations, a non-linear analysis is required. This means that the deformation is
not proportional to the applied load and can be caused by the material behaviour,
geometry or contact.

2.10.2 Mooney-Rivlin Material Model

The Mooney-Rivlin material model is a common way in LLS-Dyna to describe hyper-
elastic materials such as silicone or rubber [66]. Hyperelastic materials can stretch
several hundred percent, and then return almost completely to the original shape. In
LS-Dyna, this type of behaviour is based on strain energy density functions instead
of linear stress-strain laws.

According to the Mooney-Rivlin model, the strain energy density W is defined as:

W = Cio(I, — 3) + Cor (I — 3) (2.10)

where W is the strain energy per unit volume, I; & Iy are invariants of the defor-
mation tensor and C1g & Cy; are material constants that determine the stiffness of
the rubber [67]. The parameters C}y and Cy; are empirical values fitted from exper-
iments. Higher values correspond to a stiffer material, while lower values result in a
softer material.

For a silicone rubber, the Mooney-Rivlin parameters can be translated as:
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E =~ 6(010 + 001) (211)

where E is the elasticity modulus, or Young’s modulus [68].

2.11 Magnetic Materials

In this section, different types of magnetic materials and their key properties are

described.

2.11.1 Types of Magnetic Materials

Magnetic materials can be classified based on how they respond to an external
magnetic field [69]. They can be divided into diamagnetic, paramagnetic, antiferro-
magnetic, ferrimagnetic, and ferromagnetic materials.

Diamagnetic and paramagnetic materials do not retain any magnetization in the ab-
sence of an external field [69]. Instead, they become weakly magnetized only when
a field is applied. Diamagnetic materials develop a magnetization opposite to the
applied field, resulting in a weak repulsion. Paramagnetic materials are magnetized
in the same direction as the field, leading to a weak attraction.

Antiferromagnetic materials are characterized by magnetic moments that align an-
tiparallel, resulting in no net magnetization [69]. Ferrimagnetic materials also ex-
hibit opposing magnetic moments, but with unequal magnitudes, leading to a net
magnetization. In contrast, ferromagnetic materials have magnetic moments that
align parallel to each other, producing a strong net magnetization.

All materials have a magnetic permeability, 1. The relative permeability p, indicates
how much induction is generated by the material in a given magnetic field [70].
Magnetic field lines prefer to travel in a material with high magnetic permeability.
The magnetic permeability in vacuum is defined as g = 47 - 1077 H/m, and is
typically used as a reference [71].

2.11.2 Magnetic Properties

The strength and orientation of a magnet can be described by its magnetic dipole
moment m [72]. For a uniformly magnetized magnet, the magnetic moment can be
described as:

B,

m = MV, M=— (2.12)

Ho
where m is the dipole moment, M is the magnetization, V' is the volume, B, is the
remanent flux density and g is the magnetic permeability in vacuum.

The magnetic properties of ferromagnetic materials are often described using the
hysteresis curve, which relates the magnetic flux density B to the applied magnetic
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field H [72]. As shown in Figure 2.12, two important parameters are the remanent
flux density B,, which describes the remaining magnetization when the external
field is removed and the coercive field H., which is the field required to reduce the
magnetization to zero. These properties determine whether a material can retain
magnetization and function as a permanent magnet.

Magnetic Flux Density B

Saturation
B

Magnetic Field H

2 k < Magnetic Field H
Opposite direction H, H,

—

-

Negative Saturation By

Magnetic Flux Density B
Opposite direction

Figure 2.12: Hysteresis loop showing the remanent flux density B, and the coercive
field H.. The upper and lower curves correspond to magnetization from positive and
negative saturation.

The left side of the hysteresis loop describes how the material behaves when ex-
posed to an opposing magnetic field and gradually becomes demagnetized [72]. If
the applied field becomes large enough, partial or irreversible demagnetization may
occur. Even without permanent demagnetization, the magnetization temporarily
change when exposed to a strong external field, resulting in a reduced effective mag-
netic moment. Soft magnetic materials are characterized by low coercivity and can
therefore be easily magnetized and demagnetized. Hard magnetic materials retain
a significant magnetization due to their higher coercivity and are therefore suitable
for use as permanent magnets.

In addition to its magnitude, magnetization also has a direction since it is a vector
quantity [72]. In cylindrical permanent magnets, the magnetization is most com-
monly oriented either axially, along the cylinder axis or diametrically, across its
diameter [73].

2.12 Pressure Pain Threshold

Pressure Pain Threshold (PPT) is used to determine the minimum pressure at which
a sensation becomes painful in human tissue [74]. The method involves applying
an increasing external pressure until the subject reports when the pressure changes
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from no pain to minimally perceivable pain. PPT has in previous studies been
measured in the temporalis muscle, which corresponds to the region where Sentio is
placed, and is typically evaluated using algometers with a contact area of 50 mm?
or 100 mm? [75], [76]. Reported in-vivo PPT values in this region when pressure is
applied at the skin surface are approximately 282470 kPa for adults [77].
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Methods

A literature study was conducted including topics such as the auditory system,
hearing loss, BC hearing devices, MRI compatibility of implants and relevant ma-
terial properties. The information was critically evaluated and primarily based on
scientific articles and documents provided by Oticon Medical. The methodology
consisted of three main components.

The first part of the project included a computational approach to evaluate implant
behaviour under MRI conditions, as it enables controlled variation of design param-
eters and detailed analysis of the mechanical response. The simulations focused on
determining the displacement and pressure at 3T MRI compared with 1.5 T using
the current design of the implant.

From this, potential design changes were identified which formed the basis of the
second phase of the project. In this part of the study, the retention magnet was
kept unchanged and the analysis therefore focused on the effect of the design of the
reinforcement wire and the overmolded silicone.

The last part of the project focused on investigating alternative solutions for the
retention magnet. The aim of this work was to explore possible design approaches
that could improve MRI robustness while remaining feasible for use in a clinical
implant system.

3.1 Baseline Simulation Model

The simulation work was based on the existing LS-DYNA model that had previously
been used for evaluating Sentio at 1.5 T. Before starting the new simulations, the
model files from the previous study were reviewed in order to understand the model
and the simulation setup. Some initial simulations were also performed to gain an
initial understanding of how the model behaves.

3.1.1 Simulation Model built in LS-DYNA

The simulations previously performed by FS Dynamics are used as a baseline for
comparison. The model was built in LS-DYNA and is structured using multiple
files defining elements and nodes, material models, boundary conditions, parts and
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contact definitions. An overview of the simulation model and its main components
is shown in Figure 3.1.

RF coil
hardened silicone overmold (HSO) N
RF coil ‘IIS
reinforcement wire :
wire brace

retention magnet casing

wire brace

transducer

assumed rigid

reinforcement wire (RW)

skin

Figure 3.1: Overview of the simulation model including the implant and artificial
skin. The corresponding material definitions are listed in Table 3.1. Image provided
by Oticon Medical.

The corresponding material properties assigned to each component are listed in
Table 3.1.

Table 3.1: Material properties used in the simulation. Note that the properties of
titanium have been halved, since the model is a half symmetry model.
*Initial guess for Mooney-Rivlin parameters.

Part Material Density Stiffness Poisson’s C10 Cco1
kg/m3] [GPa]  ratio [MPa]  [MPa]

RF coil Gold 1932 77.2 0.42 - -

Reinforcement Titanium 2250 52.5 0.37 - -

wire (RW) (grade 2)

Wire brace PEEK 1300 4 0.36 - -

Artificial skin Silicone 1500 - - 326.54* 112.4*
Shore 60

Overmolded sili- Shore 40 1500 - - 104.74* 187.1%*

cone (HSO)

The implant and the hardened silicone overmold (HSO) were modelled using ~ 0.3
mm large solid first-order tetrahedron elements, while the artificial skin was mod-
elled using shell elements due to its small thickness. The reinforcement wire and
coil were modelled using 1 mm long beam elements. The transducer attached to the
bone and the magnet casing are assumed to be rigid, as they are significantly stiffer
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than the surrounding components. Their deformation is therefore considered negli-
gible. Since the implant is assumed to be completely symmetric, the model is set
up as a half symmetry. The reinforcement wire is however built with full symmetry
but instead the density and the stiffness (Young’s modulus) is halved.

The mechanical behaviour of the silicone materials was described using a Mooney-
Rivlin hyperelastic material model, see Equation 2.10, where the parameters Cg
and Cy; define the material response. Initially, both the artificial skin and the over-
molded silicone were assigned estimated material parameters, as shown in Table 3.1.

The simulation model was calibrated using a two-step procedure based on data
from physical bench tests. The artificial skin used in the simulation corresponds
to the silicone layer used in the bench tests, modelled with ~ 0.4 mm large shell
elements with a thickness of 1 mm. In the bench tests, a force corresponding to
the MRI-induced torque on the retention magnet was applied and the resulting dis-
placement was measured. This displacement was used as a reference for calibrating
and validating the simulation model. The calibration process is illustrated in Figure
3.2.

Sim 2
Calibrating
C10and CO1
of the comp.
Skin model

Sim 1
Calibrating
C10and CO1
ofthe HSO

[ _cw0 | cor |
[ (Pal ] feal

Material parameters C10 and C01 of the Material parameters C10 and CO1 of the
HSO were adjusted until comp. Skin model were adjusted until

acamputed = Omeasure d acomputed = Omeasured

Sim 3
Calculating
the in-vivo

pressure
distribution

Figure 3.2: Overview of the calibration procedure based on experimental bench
tests. The implant and artificial skin material parameters were calibrated sequen-
tially and used in the final simulation. Image provided by Oticon Medical.

In the first step, the material parameters of the HSO were calibrated using results
from the bench test performed without artificial skin. The experimentally measured
displacement was compared to the simulation results and the material parameters
were iteratively adjusted until the same displacement was achieved. A second bench
test, including the artificial skin, was then used to calibrate the material parameters
of the skin. Similarly, the simulated displacement was compared to the experimen-
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tal results and the parameters were tuned iteratively. The final set of calibrated
parameters was then used in the complete model.

Table 3.2 and 3.3 shows the final parameters of the overmolded silicone and the
artificial skin, respectively. It should be noted that the calibrated parameters do
not represent the actual material properties of the silicone, but are adjusted to match
the behaviour observed in the experiments.

Table 3.2: Updated parameters of the overmolded silicone.

Cl() [kPa] C01 [kPa]
155.5 38.8

Table 3.3: Updated parameters of the artificial skin silicone.

ClO [kPa] ‘ C01 [kPa]
653.08 | 163.27

Contact between components was defined so that the implant and surrounding mate-
rials can interact during deformation. Boundary conditions were applied to describe
how the model is fixed and how it is allowed to move. Parts of the model were fixed
to represent attachment to the skull and a predefined movement was applied to the
skin.

To simulate the behaviour of the implant in a 1.5 T MRI, the experimentally ob-
tained maximum torque of 366 mNm was applied on the center of gravity of the
magnet with preloaded skin. This torque represents specifically how Sentio behaves
in an external magnetic field of 1.5 T. Since half symmetry is used, a torque load of
183 mNm was used as input. The simulation was then solved step by step in time
to handle the non-linear behaviour.

3.1.2 Outputs of Interest

The baseline simulation was used to evaluate the displacement of the implant at a
torque of 1.5 T. This displacement was used as a reference for the simulations. The
simulations aimed to identify parameter combinations that produced displacement
comparable to the 1.5 T baseline.

The pressure on the artificial skin was evaluated by calculating the average pressure
in two defined regions on the skin, referred to as region A and B, as shown in Figure
3.3. In both regions, the average pressure was calculated over areas of 25 mm? and
50 mm?. These areas are based on reported PPT measurements (see Section 2.12),
which are typically evaluated over contact areas of 50 mm? and 100 mm?. However,
due to the use of a half symmetry model, the evaluated areas correspond to 25 mm?
and 50 mm? in the simulations. The pressure was not intended to be matched to
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the baseline simulation, but rather compared between simulations, as it is related
to the contact pressure experienced by the patient.

Figure 3.3: Pressure distribution on the device at 1.5 T, showing regions A and B.

3.2 Simulating Displacement and Pressure at 3 T

As the model takes torque as input, a new torque corresponding to a magnetic field
strength of 3 T was estimated.

Based on Equation 2.3, the torque is proportional to the magnetic field strength for
a fixed dipole moment and angle:

Tx B (3.1)

Thus, the torque scales linearly with the magnetic field strength. Consequently,
increasing the magnetic field from 1.5 T to 3 T results in an approximate doubling
of the torque:

sy Bsr 3

Tist Bisr 1.5 2 (3.2)
Based on this relationship, the torque corresponding to a 3 T scenario was estimated
to be 732 mNm. In the simulation, a torque of 366 mNm was applied since it uses
half-symmetry.

To investigate potential design modifications for 3 T MRI conditions, the existing
simulation model was updated using the new estimated torque for the 3 T case.
Initially, the model was run with the updated torque without changing any other
parameters in order to verify that the simulation converged. The resulting mechan-
ical response was evaluated in terms of displacement and average pressure on the
skin in regions A and B.

3.3 Simulation of Design Modifications

Changes to model parameters and simulation inputs were defined and provided to F'S
Dynamics, who implemented the changes in the LS-DYNA model and executed the
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simulations. The results were then evaluated and used to guide further adjustments
of selected parameters. The design changes investigated in this work mainly focused
on the mechanical properties of the reinforcement wire and the overmolded silicone.
Parameter fitting was performed manually by iteratively adjusting input values and
comparing resulting displacement to the baseline.

3.3.1 Reinforcement Wire Properties

This section explains how the properties of the reinforcement wire were varied ac-
cording to its stiffness, diameter dimensions and geometry.

3.3.1.1 Reinforcement Wire Stiffness

The stiffness of the reinforcement wire was investigated by modifying the Young’s
modulus of the material. As presented in section 2.9, the bending stiffness of the
wire depends on both Young’s modulus and the wire diameter according to Eu-
ler-Bernoulli beam theory.

To estimate a suitable starting point, the relative stiffness scaling was considered
using:

E(d\
Stiffness factor = o <do> (3.3)

where E and d are the Young’s modulus and diameter of the wire, and Ey and dy
represent the original values in the baseline model.

Based on this relation, the first simulation was performed by doubling the Young’s
modulus of the reinforcement wire.
The results were then evaluated and the Young’s modulus was further adjusted in

order to try to obtain a similar mechanical response to the baseline simulation at
1.5 T.

3.3.1.2 Reinforcement Wire Diameter

The stiffness of the reinforcement wire was also investigated by changing the wire
diameter. Using the same stiffness scaling relation as presented in section 2.9, the
reinforcement wire stiffness was applied to estimate how changes in diameter would
affect the overall stiffness.

Different wire diameters were evaluated relative to the baseline diameter of 0.6 mm.
The estimated stiffness factors for the different diameters are shown in Table 3.4
below, when a titanium wire with Young’s modulus of 105 GPa is used.
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Table 3.4: Estimated stiffness scaling for different diameters of the reinforcement
wire.

Diameter (mm) | Stiffness factor
0.60 1.00
0.65 1.36
0.70 1.85
0.72 2.07
0.75 2.44

Based on this estimation, a diameter of approximately 0.72-0.73 mm corresponds
to roughly twice the bending stiffness of the original wire and was therefore used
as the initial input for the simulations. The results were evaluated and diameter
was further adjusted through parameter fitting in order to obtain the reference
displacement.

3.3.1.3 Reinforcement Wire Geometry

The reinforcement wire has a circular geometry in the current design and was there-
fore previously modelled accordingly. To study the effect of changing the geometry,
the wire was changed to a square profile.

A parametric study was performed where the side length of the square was varied
using the same values as previously used for the circular wire diameter, in order
to compare how the geometry influences the bending behaviour. For each case,
simulations were carried out using the torque corresponding to a 3 T magnetic field
to evaluate the resulting displacement. The side length was iteratively adjusted
until a displacement corresponding to the reference case at 1.5 T was achieved.

3.3.2 Silicone Material Properties

The silicone in the model is described using a Mooney—Rivlin hyperelastic material
model and is represented by the material parameters Cy and Cy;. Since the ma-
terial behaviour is defined through these parameters, it was not feasible to directly
estimate which values would result in the desired change in stiffness.

As an initial step, the silicone stiffness was increased by scaling the existing material
parameters by a factor of two. The simulation results were then evaluated and ad-
justed through iterative parameter fitting until the target displacement was reached.
The goal was to obtain a mechanical response similar to the baseline simulation at
1.5 T in terms of displacement.

3.3.3 Combination of Design Parameters

Based on the prior results of silicone stiffness, reinforcement wire stiffness and wire
diameter, an optimization step was performed focusing on silicone stiffness and wire
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diameter.

The optimization was carried out by constructing a matrix of combinations of sili-
cone stiffness and wire diameter based on values identified in earlier stages of this
project, as shown in Table 3.5.

Table 3.5: Matrix used for parameter optimization.

Silicone scale factor

Diameter of wire (mm) 1 | 2 [ 3 4 5 6
0.6
0.7
0.8
0.9
1.0 starting point
1.1
1.2
1.3
14
15
16

The green cells represent configurations that were already tested in earlier steps,
where only one parameter was varied at a time. Red cells were excluded, as they cor-
respond to cases where the same displacement reduction had already been achieved
by maximizing a single parameter. The yellow region represents an initial estimate
of how the required parameter combinations could be distributed based on the se-
lected starting point. This estimate followed a diagonal pattern in the matrix, under
the assumption that a higher silicone stiffness would require a smaller wire diameter
to achieve the same displacement.

A starting point of a 1.0 mm wire diameter and a silicone stiffness scaled by a factor
of 2 was selected based on previous simulations of the parameters evaluated indi-
vidually, where each of these values resulted in approximately a 25% reduction in
displacement. This specific combination had not been tested prior to the optimiza-
tion. From this point, simulations were performed by varying the parameters along
the matrix. For each level of silicone stiffness, the wire diameter was adjusted until
the target displacement corresponding to 1.5T (3.120 mm) was reached.

3.3.4 Implementation in Implant Design

After the simulation study, the resulting material parameters were evaluated to
determine whether they correspond to realistic material properties. The different
scaling factors of the silicone stiffness was translated into Shore Hardness according
to the relative stiffness in Table 2.1 by using Equation 2.4. For the wire, the diameter
was evaluated based on the limited space within the implant.
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3.4 Investigation of Alternatives for the Reten-
tion System

The second part of the project focused on investigating alternative solutions through
a concept generation process. The concepts were generated independently of exist-
ing commercial solutions to encourage design exploration and reduce bias.

The ideas were generated through a brainstorming process based on the magnetic
torque, see equation 2.3. In an MRI system, the magnetic field strength By is
constant. Therefore, the design strategies focused on reducing the torque by reducing
the contribution from the magnetic dipole moment m or from the angular term sin 6.
The generated concepts were evaluated with respect to their feasibility in a clinical
implant system. The evaluation focused on their influence on MRI-induced torque
and retention between the internal and external component.
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Results

4.1 Baseline Simulation Model

For completion, the results presented in this section were obtained from previous
simulations following the generation and verification of the computer model (pro-
vided by Oticon Medical) when the current version of Sentio is subjected to 1.5 T.

Figure 4.1 illustrates the displacement of the implant during an MRI scan cor-
responding to 1.5 T. The displacement magnitude is shown by the color scale in
millimeters, while the horizontal black line indicates the skull bone surface. The
figure shows that the implant lifts from the skull bone surface due to the applied
torque. The maximum displacement of the implant at 1.5 T was 3.12 mm.

xxxxxxx
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xxxxxx

Figure 4.1: Total displacement of the implant at 1.5 T: 3.12 mm.

The average pressure on the artificial skin in regions A and B is presented in Table
4.1.

Table 4.1: Average pressure on the artificial skin in regions A and B for different
evaluated areas at 1.5 T.

Area of region | Region B | Region A
25 mm? 35 kPa 41 kPa
50 mm? 24 kPa 32 kPa
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4.2 Effect on Displacement and Pressure at 3 T

When subjected to 3 T the torque will double to 732 mNm, that is the worst
case scenario without taking any partial demagnetization into account. Due to half
symmetry in the model the torque applied in the simulation is therefore 366 mNm.
When the new torque was applied to the model to see how the implant would behave
in an MRI scan of 3 T, the displacement was compared to the 1.5 T baseline. The
comparison of the displacement of the implant at 1.5 T is shown together with the
results obtained for 3 T in Figure 4.2.

(b) Torque acting on magnet in 3 T
MRI, resulting in 5.65 mm displace-
ment.

(a) Torque acting on magnet in 1.5 T
MRI, resulting in 3.12 mm displace-
ment.

Figure 4.2: Displacement of implant in 1.5 T and 3 T MRI, resulting in 5.65 mm
displacement.

At 3 T, the displacement increased from 3.12 mm to 5.65 mm, corresponding to an
increase of approximately 81%.

Table 4.2 presents the average pressure on the skin in both regions at 1.5 T and at
3 T. The average pressure is higher in both region A and B for both areas compared
to 1.5 T.

Table 4.2: Average pressure in regions A and B for 1.5 T and 3 T.

(a) 1.5 T ()3T
Area Region B | Region A Area Region B | Region A
25 mm? 35 kPa 41 kPa 25 mm? 98 kPa 76 kPa
50 mm? 24 kPa 32 kPa 50 mm? 73 kPa 58 kPa

At 3 T, the average pressure increased by approximately 80-200% depending on
region and area.
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4.3 Effect of Design Modifications

Since the displacement and pressure on skin was significantly increased for the im-
plant in 3 T, design modifications to the reinforcement wire and the overmolded
silicone were investigated.

4.3.1 Effect of Reinforcement Wire Properties

The effect of varying the properties of the reinforcement wire according to its stiff-
ness, diameter dimensions and geometry are presented in this section.

4.3.1.1 Effect of Reinforcement Wire Stiffness

Figure 4.3 shows how the displacement of the implant changes when changing the
stiffness of the wire. When increasing the stiffness of the wire with a factor 4, there
is only a limited reduction of the displacement to around 4.8 mm.

Displacement to reinforcement wire stiffness scale factor

- 3.0 Tesla
1.5 Tesla reference line

5.5 A

wu
[=]
1

Displacement [mm]
=
(%]
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(=]
|

3.5 A

3.0 A

T
1.0 1.5 2.0 2.5 3.0 3.5 4.0
Scale factor [-]

Figure 4.3: Influence of wire stiffness on displacement of implant.

Considering this, no further changes were made to the stiffness of the wire.
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4.3.1.2 Effect of Reinforcement Wire Diameter

Approximately the same displacement as the current implant experiences in 1.57T is
obtained when the diameter is increased to ~1.56 mm compared to the original 0.6
mm, see Figure 4.4.

Displacement to reinforcement wire diameter

— 3.0 Tesla

5.5 A 1.5 Tesla reference line
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4.0

Displacement [mm)]
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3.0 1

T T
0.6 0.8 1.0 1.2 1.4 1.6
Wire diameter [mm]

Figure 4.4: Effect of wire diameter on displacement.

Table 4.3 below presents the average pressure on the skin in both region at 1.5 T and
at 3 T when the equal displacement is achieved, corresponding to a wire diameter
of 1.56 mm. As can be seen in the table, the pressure is equal or lower for both
evaluated areas and in both regions compared to 1.5 T.

Table 4.3: Average pressure in regions A and B at 1.5 T and at 3 T with a wire
diameter of 1.56 mm.

(a) 1.5 T (b) 1.56 mm diameter

Area Region B | Region A Area Region B | Region A
25 mm? 35 kPa 41 kPa 25 mm? 32 kPa 36 kPa
50 mm? 24 kPa 32 kPa 50 mm? 24 kPa 28 kPa

4.3.1.3 Effect of Reinforcement Wire Geometry

In Figure 4.5, the displacement is shown as a function of the wire dimension for
both circular and square profiles at 3 T.
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Displacement to reinforcement wire diameter
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Figure 4.5: Displacement as a function of wire dimension for circular and square
profiles at 3 T, compared to 1.5 T.

For both cases, the displacement decreases as the wire dimension increases. The
square profile gives a lower displacement than the circular profile when the diameter
of the circle is the same as the side length of the square. The reference displacement
at 1.5 T is reached at a wire dimension of approximately 1.37 mm for the square
profile, compared to 1.56 mm for the circular wire.

In Table 4.4, the average pressure on the skin in both regions is presented for the
circular and square wire geometries at dimensions corresponding to the reference
displacement. The square profile generally results in slightly higher pressure values
compared to the circular profile, except for region B at 25 mm? where the pressure
is slightly lower. Overall, the differences between the two geometries are small.

Table 4.4: Average pressure on the skin in regions A and B for circular and square
wire geometries at dimensions that generates equal displacement as the reference.

(a) Circle: 1.56 mm diameter (b) Square: 1.37 mm side length
Area Region B | Region A Area Region B | Region A
25 mm? 32 kPa 36 kPa 25 mm? 32 kPa 36 kPa
50 mm? 24 kPa 28 kPa 50 mm? 23 kPa 29 kPa
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4.3.2 Effect of Silicone Material Properties

As can be seen in figure 4.6, scaling the silicone parameters with 6.25 gives approx-
imately the same displacement of the implant as the current implant experiences in
1.5 T.

Displacement to silicone stiffness scale factor

- 3.0 Tesla
5.5 1.5 Tesla reference line
5.0 1
E
E
€ 4.5
[J)
£
(]
o
o
240
[a)
3.5+
30 L T T T T T T
1 2 3 4 5 6

Scale factor [-]

Figure 4.6: Displacement of implant depending on scale factor of silicone param-

eters Cig & Co;.

Table 4.5 below presents the average pressure on the skin in both regions at 1.5
T and at 3 T when the same displacement is achieved, corresponding to a 6.25x
increase in silicone stiffness. As can be seen in the table, the pressure is higher in
region A for both areas compared to 1.5 T, while it is lower in region B.

Table 4.5: Average pressure in regions A and B for 1.5 T and 6.25x silicone stiffness
at 3 T.

(a) 1.5T (b) 6.25x
Area Region B | Region A Area Region B | Region A
25 mm? | 35 kPa 41 kPa 25 mm? | 16 kPa 106 kPa
50 mm? 24 kPa 32 kPa 50 mm? 10 kPa 81 kPa

4.3.3 Effect of Combinations of Design Parameters

Table 4.6 shows the displacement in mm of the implant in 3 T for various combi-
nations of silicone stiffness and wire diameter, used as comparison for the reference
displacement of 3.12 mm. The combinations that results in the equal or lower dis-
placement are marked with red circles in the table.
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Silicone scale factor
Diameter of wire (mm) 1 2 3 | 4 | 5 | 6
06
0.7 3,358
08 3,51 321 2,993
0.9 3,779 3,303
1.0 3,593
1.1 3,378 2,955
1.2 32
13
1.4
1.5
1.6

Table 4.6: Optimization of silicone stiffness and wire diameter. Green area: already
tested, red area: rejected values.

In addition to the previous cases when focusing only on either the silicone or the
wire thickness, four parameter combinations achieved displacement equal to or lower
than the 1.5 T reference:

e Case 1: 2x stiffer silicone 4+ 1.3 mm wire diameter
e Case 2: 3x stiffer silicone 4 1.0 mm wire diameter
o (Case 3: 4x stiffer silicone + 0.9 mm wire diameter

o (Case 4: bHx stiffer silicone + 0.7 mm wire diameter

Table 4.7 below presents the average pressure on the skin in both regions at 3 T
for different combinations of silicone stiffness and wire diameter that achieve the
reference displacement. The pressure is higher in region A for all cases compared to
the reference, while it is lower in region B.

Table 4.7: Average pressure in regions A and B for different combinations of silicone
stiffness and wire diameter at 3 T, achieving the reference displacement.

Case Silicone | Wire 25 mm? 50 mm?

B (kPa) A (kPa) | B (kPa) A (kPa)
Ref. (1.5 T) Ix |06mm| 35 A1 24 32
Case 1 2x 1.3 mm 26 60 18 46
Case 2 3x 1.0 mm 23 80 16 60
Case 3 4x 0.9 mm 19 89 13 68
Case 4 bx 0.7 mm 18 100 12 76
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4.3.4 Implementation in Implant Design

When translating the scaling of silicone stiffness into Shore A hardness according to
Table 2.1 and Equation 2.4, the following results were obtained:

Table 4.8: Estimated stiffness scaling for different diameters of the reinforcement

wire.
Case Scale factor | Shore A hardness
Case 1 2x 60A
Case 2 3x T0A
Case 3 4x T5A
Case 4 5x 80A
Only changing silicone 6.25x 85A

Figure 4.7 shows the implant with its original wire diameter of 0.6 mm next to when
the wire has a diameter of 1.56 mm. The wire is welded into the titanium casing
of both the transducer and the retention magnet. More images of the implant with
different wire diameters can be found in Appendix.

(a) 0.6 mm wire diameter, cross- (b) 0.6 mm wire diameter in im-
sectional view plant

(c) 1.56 mm wire diameter, cross- (d) 1.56 mm wire diameter in im-
sectional view plant

Figure 4.7: Effect of increasing diameter of wire in implant to 1.56 mm. Images
provided by Oticon Medical.
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4.4 Investigation of Alternatives for the Reten-
tion System

There are various ways to reduce the torque that a magnet experiences in an external
magnetic field. The induced torque can be reduced by minimizing the magnetic

dipole moment or the angular contribution. Based on this, a mindmap of the initial
ideas was created, see Figure 4.8. Additional ideas were also explored along the way.

Keep the same
magnet
Allow

reorientation

Mochanical
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pring
Mechanism

Cancellation of
Magnetic Moment Change
Magnetization

Direction

Reduce Magnet
Volume
Two magnets with Multiple Hybrid
antiparallel Magnets Magnetic design

magnetization

Multipole ‘ Rotation

Permanent magnet

Diametric

+
Soft/ferromagnetic

material [ Of Magnet ] Other

Figure 4.8: Mindmap used for concept generation based on the magnetic torque
equation.

The magnetic dipole moment can be reduced by using two magnets with anti-parallel
magnetization, multiple magnets or magnets with a multipole configuration. In this
case, the resulting magnetic moment is partially cancelled out due to the opposite
magnetization directions. The magnet volume can be adjusted in order to reduce
the magnetic torque, since a smaller magnet results in a lower magnetic moment.
However, the magnet must still be large enough to provide sufficient retention, which
limits how much the volume can be reduced. At the same time, the magnet should
not occupy too much space within the implant, meaning that there are both lower
and upper constraints on the size. Another option is to replace the permanent mag-
net in the implant with a ferromagnetic material. However, the main limitation is
reduced retention. Compared to two permanent magnets, the magnetic coupling is
significantly weaker.

The angular contribution can be reduced by either changing the direction of magne-
tization, or allowing movement or rotation of the magnet to enable alignment with
the external magnetic field. Using a mechanical solution is considered the most
promising idea since it reduces magnetic torque independently of the orientation of
the implant. Furthermore, a single permanent magnet can be used which would give
the maximum retention force towards the external sound processor.

Changing the magnetization direction can influence the resulting torque. However,
as long as the magnet cannot align with the external field, the worst-case torque will
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still be large. For example, a diametrically magnetized magnet could in one direc-
tion be aligned with the field, but in the other it will be affected by the field until it
reaches the worst-case angle (90°). Since worst-case should always be evaluated, it
is not sufficient to have a solution that is optimized for one specific angle in MRI.

Based on the initial ideas in the mindmap, solutions were defined and evaluated in
detail, regarding both retention force and induced magnetic torque. However, this
part is not disclosed in this report due to intellectual property reasons, as requested
by Oticon Medical.
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Discussion

This chapter discusses the results of the study, including the effect of 3 T MRI,
design modifications, alternative retention systems and future work.

5.1 Effect on Displacement and Pressure at 3 T

In this project, the MRI compliance of Sentio has been evaluated based on the
worst-case induced magnetic torque. In reality, this torque is likely lower. It was
assumed that the permanent magnet is not fully demagnetized at 3 T, but partial
demagnetization may occur, reducing the effective magnetic moment. This suggests
that the torque used in this study is likely overestimated and should be verified by
physical testing.

When applying the estimated torque of 366 mNm (due to half symmetry), the dis-
placement increased from 3.12 mm at 1.5 T to 5.65 mm at 3 T. The non-linear
material behaviour of the silicone likely explains why the displacement is not ex-
actly doubled, as the material becomes stiffer at larger deformations. However, the
simulated displacement may not fully represent reality, as the model uses a simpli-
fied 1 mm silicone layer instead of real human skin.

The pressure on the skin also increases significantly at 3 T. At 3 T, both the dis-
placement and contact pressure on skin increased substantially, with pressure rising
by approximately a factor of 2 in region A and 3 in region B. In the baseline case,
the maximum pressure occurs at the outer edge of the implant (region A), while at 3
T it shifts towards the magnet (region B). This indicates that design modifications
are required for the implant to be compatible with 3 T MRI.

5.2 Effect of Design Modifications

The simulations showed that the diameter of the reinforcement wire has the greatest
influence on both displacement and pressure on the skin. Increasing the diameter
to 1.56 mm reduced the average pressure in both region A and B. This agrees with
beam theory, where a larger diameter increases bending stiffness and reduces defor-
mation. The Euler-Bernoulli beam theory was used to estimate initial values for the
wire properties, but it did not accurately predict the displacement. This is likely
due to the implant being a complex system with multiple interacting components,
making the beam theory too simplified. However, it was still useful in indicating
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that the wire diameter has a greater impact on the mechanical response than the
Young’s modulus.

When varying the stiffness of the reinforcement wire while keeping the diameter
at 0.6 mm, only a small reduction in displacement was observed. Due to its thin
and bent geometry, the wire remains flexible regardless of material stiffness. Even
when increasing the Young’s modulus by a factor of four, the displacement was only
reduced by approximately 0.85 mm. Titanium was kept as the wire material due
to its biocompatibility and non-magnetic properties, and the focus was instead on
modifying the diameter and geometry. However, the combined effect of increasing
both the Young’s modulus and the diameter was not investigated and may have a
greater impact. In addition, only titanium Grade 2 was considered, and it remains
unclear how alternative materials, such as titanium Grade 5, would affect the results.

A square cross-section was tested to evaluate the effect of geometry on the mechan-
ical response. When the side length was equal to the diameter of the circular wire,
the square resulted in a slightly lower displacement, while the pressure remained
almost unchanged. This is likely due to the larger cross-sectional area rather than
the shape itself. However, the square profile is not considered suitable, as stress
concentrations may occur in the corners, making the circular wire a more durable
option.

When increasing the silicone stiffness while keeping the original reinforcement wire,
the pressure in region B decreased while the pressure in region A increased. A stiff-
ness 6.25 times higher was required to match the displacement at 1.5 T. However,
this resulted in a pressure increase of approximately 2.5 times in region A and a
decrease of around 2 times in region B. This indicates that the increased silicone
stiffness reduces local deformation around the magnet, resulting in a more rigid-
body-like motion of the implant.

A silicone stiffness 6.25 times higher corresponds approximately to Shore 85A, which
may not be feasible for an implant as it behaves more like a hard plastic. Increasing
the wire diameter to 1.56 mm is another way to achieve the desired response. How-
ever, there is limited space within the implant and the bigger wire diameter would
require design changes in both the titanium casings and the thickness of the over-
molded silicone. The combined cases, where both wire diameter and silicone stiffness
are modified, are therefore more feasible. In these cases, the implant becomes less
deformable, leading to increased pressure in region A and decreased pressure in re-
gion B. Among these, case 2, with a 1 mm wire and silicone corresponding to Shore
70A, appears to be the most realistic option, although it still results in higher pres-
sure in region A.

In this study, the focus was on matching the displacement to the baseline case.
However, pressure may be a more relevant measure, as it better represents what is
experienced by the patient. It may therefore not be necessary to strictly match the
displacement, as long as the pressure remains acceptable. Since a wire diameter of
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1.56 mm results in equal or lower average pressure in both regions, it may be pos-
sible to use a slightly smaller diameter. This would likely increase the displacement
somewhat, but could still provide an acceptable pressure distribution.

The computer model used in this study has previously been validated against phys-
ical bench tests, which supports the reliability of the simulation results. However,
due to the non-linear behaviour of the silicone, it is uncertain how accurately changes
in stiffness are represented. The silicone in the current implant (Shore 40A) is mod-
elled using the Mooney-Rivlin parameters C10 and C01 (Table 3.2). When these are
translated to a Young’s modulus using Equation 2.11, the result is approximately
1.2 MPa, which does not directly correspond to Shore 40A values in Table 2.1. This
is likely because the model has been calibrated to reproduce the overall implant
behaviour rather than the material properties alone. Therefore, the silicone stiff-
ness in this study was interpreted in a relative sense using equation 2.4, assuming
that scaling the Mooney-Rivlin parameters corresponds to a proportional change in
stiffness.

5.3 Alternatives for the Retention System

Reducing the magnetic induced torque while remaining the same magnetic reten-
tion force is physically contradictory and has been the main issue of this part of
the project. A sufficiently strong magnet is required to attract the external sound
processor through skin tissue of various thicknesses.

This suggests that a permanent magnet is the best option to remain as high as
possible retention. Therefore, the ideas regarding using two anti-parallel, allowing
rotation or movement of the magnet are considered the most promising solutions.
Furthermore, this project has been limited to focus on magnetically induced torque
only. The mentioned concepts may introduce additional problems to the implant
in terms of size or manufacturing. In addition, some ideas may introduce other
incompatibilities with MRI such as heating or exposure to translational forces.

If the current implant design is maintained, a magnet that can align with the ex-
ternal magnetic field, such as the concepts involving a rotating magnet, is likely the
most feasible solution.

Alternatively, modifications to the retention system could be combined with design
changes to the implant. Increasing the wire diameter and slightly stiffening the
silicone has been shown to reduce displacement, although it may increase pressure
in certain regions. In this case, a magnet that allows some movement, could help
reduce the pressure without requiring full alignment.
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5.4 Future Work

Future work should focus on experimental validation of the simulated torque and
displacement under 3 T MRI conditions. Although this study evaluates feasible ma-
terial changes, it remains uncertain whether the proposed designs provide sufficient
flexibility to fit different skull anatomies or can be implemented in a transcutaneous
implant.

A limitation of this study is that only the silicone and reinforcement wire properties
were investigated. Other components, such as the size and shape of the silicone that
surrounds the reinforcement wire, the wire brace, and the magnet casing, were not
considered and may influence the overall behaviour. Future studies could therefore
explore additional design changes, for example increasing the silicone stiffness only
around the magnet to reduce deformation while maintaining overall flexibility.

In addition, the reinforcement wire could be further optimized. Since space within
the implant varies, an asymmetrical wire design could be investigated, where the
diameter is increased in regions prone to bending. However, this may introduce
stress concentrations and would need to be evaluated.

The concepts for alternative retention magnet systems are based on initial concept
generation and have not been experimentally verified. Further work is therefore
required to evaluate their feasibility, including retention force and long-term perfor-
mance in a medical implant.
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Conclusion

This project has evaluated how Sentio behaves when subjected to a magnetic torque
corresponding to a 3 T MRI environment. The results show that both displacement
and pressure increase significantly compared to 1.5 T, with displacement close to
doubled and pressure on skin increasing by a factor of approximately 2-3. This
means that the current design does not meet the requirement of maintaining the
same mechanical response at 3 T, and design changes are therefore needed.

The reinforcement wire was found to have the greatest influence on both displace-
ment and pressure. Increasing the wire diameter is the only modification that re-
duces both, but the required size of 1.56 mm is likely not feasible within the current
design of the implant. Changing the silicone stiffness alone is not suitable, as it
leads to an increased pressure distribution. A more realistic approach is to com-
bine moderate changes in wire diameter and silicone stiffness, where a 1 mm wire
together with a Shore 70A silicone provides a reasonable compromise, although it
does not fully match the pressure in the 1.5 T case.

One possible approach is to keep the current retention system and instead continue
optimizing the design. For example, case 2 could be used as a starting point and then
the pressure could be reduced further by investigating additional design parameters
such as local changes in silicone stiffness or reinforcement wire geometry. Another
approach is to keep the current design and instead only modify the magnet, where
a permanent magnet that can rotate and align with the external magnetic field is
considered promising. A third approach is to combine moderate design changes with
the ideas regarding a magnet that allows some movement within its casing. This
does not allow full alignment to the magnetic field but still reduces the induced
torque and thereby pressure on skin.

In conclusion, modifying only the implant structure based on the parameters inves-
tigated in this study does not fully match the 1.5 T case, as case 2 achieves the
same displacement but still results in a somewhat higher pressure. However, the
relatively small difference suggests that the design is close to meeting the require-
ments. This indicates that further optimization of additional design parameters may
be sufficient to achieve acceptable pressure levels, without necessarily modifying the
retention magnet system. However, if the current flexible design of the implant is
to be preserved, the retention magnet should be modified.
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Appendix

More images of implant with different wire diameters.

Figure A.1: Implant with reinforcement wire diameter 0.7 mm

Figure A.2: Implant with reinforcement wire diameter 0.9 mm

Figure A.3: Implant with reinforcement wire diameter 1.0 mm



A. Appendix

Figure A.4: Implant with reinforcement wire diameter 1.3 mm
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