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Abstract

Hearing loss is a major health issue throughout the world and reduces the quality of life
for people. Various types of hearing implants have been developed to support people with
such an impairment. One such type of hearing aid is the bone conduction hearing implants,
which facilitate sound transmission to the inner ear via the skull bone, thereby bypassing
the outer and middle ears. They are intended for patients with the conductive hearing
loss (problems with outer or middle ear), mixed hearing loss (combination of conductive
loss and sensorineural loss in cochlea or auditory nerve) and single sided deafness (loss of
hearing perception in one of the ears).

For research and development purposes in the bone conduction business, there are some
subjective measurements involving human subjects for parameters such as mechanical
point impedance, transcranial attenuation, skin attenuation and acoustic feedback. These
parameter values are relevant during testing, calibration, product development and quality
control phases for bone conduction hearing implants. However, involving human subjects
for testing is a challenge, as these are patients, who are surgically implanted with hearing
implants, which makes the whole process impractical and cumbersome on a long term basis.
Hence there exists a need to develop an alternative, which is the objective measurements
of the above mentioned parameters. One option among the objective measurements could
be testing on cadavers or post-mortem human surrogates. However, these options have
their own pitfalls, in the sense that they change in nature after death, leading to variability

in results and there are also ethical issues, which makes this an undesirable option. We
could accomplish these objective measurements through development of an arti cial or
synthetic head, which can illicit the same or similar mechanical and acoustic response as
a live human subject would.

This thesis work, which was done in collaboration with Cochlear Bone Anchored Solutions
AB (CBAS), focuses on building an arti cial head prototype (which consists of an arti cial
skull, skin and brain assembled together) to be used for testing the bone conduction
hearing implants developed by Cochlear. An extensive literature study was conducted
to identify materials which could mimic the mechanical properties of the skull, the skin
and the brain. These materials/prototypes have been sourced from various facilities
throughout the world and they are assembled at CBAS, Modlnlycke, Sweden.

Di erent brain surrogate materials on spheres were tested and the spheres mechanical
point impedance were measured. The obtained results were plotted, compared with the
clinical reference and an existing arti cial head values. From the results, Permagel was
identi ed as the most suitable brain surrogate material from the test results, which is
to be later used on an anatomically correct arti cial head for testing all the relevant
parameters mentioned before.



Keywords: baha, mechanical point impedance, transcranial attenuation, acoustic feed-
back, sphere, prototype, arti cial head, bone conduction hearing aid, objective measure-
ment .
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1

Introduction

1.1 Aim

The primary objective of this thesis is to develop an arti cial head consisting of a sphere
and brain surrogate material, which could reliably mimic the mechanical properties of
the human head. This head is then measured for its mechanical point impedance (MPI)
values and compared with clinical reference (CR) values. Suitable brain surrogate material
is to be identi ed based on the outcome of these tests, and this material could later be
used in an anatomically correct arti cial head.

The aim is to develop this solution as an alternative to live human testing dependency
bottleneck and also the well-documented issues with cadavers and Post-Mortem Human
Surrogates (PMHS), giving varying results with time as it degrades and also the associated
ethical issues with the same. To summarize, an attempt has been made to develop a
novel objective measurement alternative to subjective measurements involving live human
subjects. The end goal is to develop a head prototype with an embedded accelerometer,
speci cally tailored for bone conduction implant testing purposes.

1.2 Objective

To begin with, an exhaustive literature study was conducted to understand the task
at hand and to accelerate the process. Relevant scienti ¢ articles were researched for
identifying suitable surrogate materials for the skull, skin, and brain. This quest further
involved interviews and consultations with relevant researchers and companies. Based
on extrapolation from similar studies with di erent applications, materials that could be
suitable for this application were shortlisted. Identi ed materials and prototypes were
procured from specialist skull manufacturing and materials manufacturing companies
throughout the world. Finally, the arti cial head was cast/assembled at Cochlear facilities
for mechanical testing.

1.3 Limitations

The main limitation of this study were that not many relevant head phantoms have been
developed for testing bone conduction devices (BCD) and hence limited information was
available from scienti ¢ studies. Certain materials were identi ed to mimic the mechanical
properties of the human brain like composite hydrogel (CH), agar/beef powder-based

1



1. Introduction

gelatin. However, since they are organic and contain water, they are unstable in the long
term. Hence the viable choices of brain phantom materials drastically reduced in number.

1.4 Scope and Need

There are few existing arti cial heads at Cochlear, also called the head simulator, which
is spheres consisting of ller material and an arti cial skin on top. The ller material

su ers from microbial contamination and degradation with time, leading to variability

in results. The need of this project is to identify synthetic brain surrogates, which do
not su er from the issues mentioned above, must give reliable and repeatable results in
terms of mimicking the mechanical and acoustic properties of the human head. The skull
simulator, which is the current industry standard, has a completely di erent mechanical
impedance in comparison to the CR values and even the mechanical impedance obtained
from the head simulator as shown in Figure 1.1. From the brain surrogate identi ed
through this thesis work, the future plan is to test it on an anatomically correct skull and
try to match the impedance response with that of CR.

Figure 1.1: Discrepancy of skull simulator with head simulator and clinical reference in
terms of MPI



1. Introduction

1.5 Relevant Research Articles and Literature Re-
view Directions

There are some existing skin-skull-brain models, which have been developed and studied
in the literature, albeit for varying applications, namely for defense purposes like the
impact of blast waves on the human head, assessment of gunshot impact through the
head, analysis of traumatic brain injury (TBI). Through these studies, useful information
was extrapolated, even though they did not have a straightforward and direct correlation
to the prototype.

Freitas et al [1], developed a human head surrogate model with embedded sensors to
measure the behind helmet blunt trauma injuries. This model was able to achieve a
balance between bio delity and ease of use. Mahoney et al. [2], developed a skull-brain
model to investigate the fracture pattern when the developed synthetic head was subject
to steel bullet shots. The entry and exit patterns of the bullet in head were analyzed
by assessors and marked based on closeness to reality. In a successive study, again
Mahoney et al. [3], developed a skin-skull-brain synthetic head that was subjected to
Full Metal Jacket Mild Steel Core (FMJ MSC) bullets, and the impact developments
were captured by a high-speed camera and computed tomography. Various parame-
ters like entry and exit wounds, fracture patterns, and wound tracts were analyzed by
experienced forensic pathologists, radiologists and these were graded on a Likert-type scale.

Sutar et al. [4], developed a 1D Finite Element Model (FEM) of human head surrogates to
investigate the blast-induced TBI. Through this study, they were able to understand the
blast wave propagation through the layered architecture of the human head. They also
inferred the ampli cation provided by the skin and meninges as well as the attenuating
property of air sinuses among the other results. Thali et al. [5], developed a skin-skull-
brain model to reliably reconstruct and reproduce blunt force head injury on the surrogate
model in a laboratory environment. The results compared favorably to a real human
head subjected to an equivalent load or impact. Again, Thali et al. [6], used the same
"skin-skull-brain" model to investigate the gunshot wound e ect on the head, even though
it was one of the earliest studies of its kind. It was the rst skull model developed which
could mimic the three-layer structure of human skulls - outer tables-diploe-inner tables.
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Background and Theory

2.1 Anatomy and Physiology of human ear

The human ear could be broadly divided into three categories - the external ear, middle
ear, and the inner ear, as shown in the Figure 2.1. The outer ridged ap-like structure

is called the pinna, which directs the sound waves towards the ear canal or the external
auditory meatus [7]. This ear canal is about 2.5 cm in length. This region is roughly made
up of one-thirds of cartilage and two-third of bone. The ear canal leads up to TM which
can vibrate under the in uence of sound waves. The external ear directs the external
sound waves. It also ampli es the mid-frequencies of the sound waves, so that we could
get a sense of the direction of the incoming sound wave [8]. The ear canal also secretes a
sticky substance called cerumen or ear wax, which traps dirt and it is also partly anti
microbial.

The middle ear comprises the TM, which is an air- lled cavity. It has three ear ossicles -
malleus (hammer), incus (anvil), stapes (stirrup). The Malleus is attached to the TM and
pulls it inward, leading to its conical shape. Attached to the oval window are the stapes.
The round window is located next to the oval window. The Eustachian Tube originates in
the middle ear and connects to the nasopharynx region. This tube balances the pressure
di erence between the middle ear and external atmospheric pressure, especially when
a person is chewing or yawning [7]. This is the region, where the acoustic sound wave
is being converted to mechanical vibrations and passed onto the inner ear through the
stapes in contact with the oval window [8].

There are three main constituents of the inner ear - the three semi-circular canals, the
vestibule, and the snail-shaped Cochlea. The cochlea is responsible for the hearing sensa-
tion while the vestibular regions and semi-circular canals are responsible for equilibrium
and balance. The inner ear comprises the bony labyrinth and membranous labyrinth,
wherein the membranous labyrinth lies inside the bony labyrinth. The cochlea consists of
three tubes that are arranged together as a snail shell [7]. Scala Tympani is the top layer
that originates from the oval window and Scala Vestibuli is the bottom layer which ends in

a round window. Both these layers are lled with a liquid called Perilymph, which is rich

in Sodium and has a lower concentration of Potassium. The middle region is called Scala
Media, also called Cochlear Duct. This region is lled with Endolymph, which has a lower
concentration of Sodium and a higher concentration of Potassium. The layer separating
the Scala Vestibuli and Cochlear Duct is known as the vestibular membrane. The layer
which separates Scala Tympani and Cochlear duct are known as Basilar Membrane [8].

5



2. Background and Theory

Organ of Corti is present in this region and is lined with hair cells. The sound stimulates
these hair cells and an action potential is generated, leading to an electrical signal, which
is passed onto the auditory nerve for further interpretation by the brain [7].

Figure 2.1: Anatomy of human ear. [9]

2.2 Hearing defects

Hearing defects or losses can be either reduced hearing sensation and perception or a
complete lack of hearing sensation and perception. A patient can either be born with this
disorder or acquires it during a certain point in their lifetime. Reasons behind these losses
could be either environmental or even biological. These defects can either be single-sided
or dual sides of the ear with varying severity and degrees of damage. Broadly speaking, the
hearing defects could be classi ed into three types: conductive losses, sensorineural losses,
mixed losses. In addition, the losses could also be categorized as central, wherein there is
damage to the brain stem or the auditory nerve which passes to the brain. Another case
IS non-organic, where they are no anatomical or physiological damage.

Conductive losses arise due to problems in the outer and middle ear, which does not
facilitate the proper acoustic sound propagation into the uid- lled layers of a properly
functioning inner ear and attenuates the incoming acoustic sound waves. These losses
are caused due to infection in ear wax (chronic otitis media), deformation of the external
auditory meatus (atresia), damage to TM (perforation), sti ening of the three auditory

6



2. Background and Theory

ossicles, and otosclerosis (Stapes attachment to the oval window) [10]. Mixed loss is a
combination of both conductive and sensorineural losses. It is mainly due caused to birth
defects such as vestibular Aqueduct syndrome which arises due to abnormal diameter of
the region and also due malfunctioning of ear bones [11]. We can use Bone Conducting
hearing aids as a measure to combat both these losses.

Sensorineural losses occur due to damage in the brain stem or cochlear hair cells. This
damage occurs due to intense and sudden sound exposure, ototoxic chemicals released
with antibiotics/drug uptake, allergic reaction, and autoimmune conditions due to the
inherent hereditary genes. Another reason for these losses is the malfunction of the hair
cells in the organ of corti. This a ects the generated electric signal which is to be sent to
the brain. Presbyacusis or age-related hearing loss is a sensorineural loss, which causes
permanent and irreversible damages on the auditory nerve and brain stem [8]. For cases
such as mild sensorineural loss and presbyacusis, we can use air conduction aids, as they
can still transmit ampli ed sound waves to the cochlea. However, for severe sensorineural
cases, the best treatment is to employ cochlear implants wherein their electrodes are in
direct contact and thereby stimulate the nerve endings of the hearing region.

2.3 Anatomy and Physiology of Human Skull, Brain,
Skin

2.3.1 Skull

The anatomy of the human skull is depicted in Figure 2.2. The human skull consists of
22 bones, namely the 14 facial bones and the eight cranial bones, which are connected
through joints, resembling a suture and protects our brain [12]. Out of these bones, only
mandibular and temporomandibular joints are movable. Two out of these eight cranial
bones are pairs and twelve out of these 14 facial bones are pairs. The human skull is made
up of three layers: an outer table, spongy energy-absorbing middle layer called diploe,
and inner tables. They are anisotropic in nature.

Let's rst focus on the cranial bones. Frontal bones occupy the forehead region and also
the frontal portion of the skulls, covering the frontal lobe of the brain. The occipital bone
occupies the back portion of the head and continues right until the skull base, thereby
covering the occipital lobe of the brain. The middle region consists of a pair of bones
called parietal bones. Attached towards the sides around the temporal region on both
sides are the temporal bones. These temporal bones are primarily involved in hearing
and bone conduction (BC) as they also include the mastoid bone and external auditory
meatus, both of which have a big role to play in the hearing mechanism. Right between
the temporal bone and Zygmoid bone lies a long butter y-shaped single bone called the
Sphenoid bone, which spans the entire width of the skull. Just in front lies the Ethmoid
bone, between the Sphenoid and Nasal bones, whose surface is a bit perforated and
sieve-like, also called cribriform plates [7].

Now coming to the 14 facial bones, the mandible is a single bone, which represents the
lower jaw and is the strongest and longest bone in the face. Another single bone is the

7



2. Background and Theory

vomer, which is the inferior part of the nasal septum. We have a pair of nasal bones in
the upper part of the nasal region. Inside the nasal cavity, there are a pair of bones called
inferior nasal concha, wherein the word "concha" signi es the bones being shell-shaped.
Right inside the eye cavity is a pair of lacrymal bones, in each eye cavity. The lacrimal
uid refers to the tears of the eye. Fittingly, these bones are located right next to the tear
ducts. We also have a pair of cheekbones on either side called the zygomatic bone. The
bone which lies beneath the posterior portion of the palette in our mouth represents the
palatine bone. Finally, it is the maxilla bone pair, which occupies most of the space in
our face. These human skull bones give structure/stability to the head and also protects
the brain from direct impact [13][7].

Figure 2.2:  Anatomy of the skull. [12]

2.3.2 Skin

Human skin consists of two layers, namely the epidermis and dermis [7] as can be seen
from Figure 2.3. Below the dermis lies the hypodermis or subcutaneous tissue, deep fascia,
muscles, and bone. Skin is the biggest organ in the human body [14]. The epidermis is the
outermost surface of the skin, which acts as a barrier, it is made up of strati ed squamous
epithelium and keratinocytes. There are typically ve layers within the epidermis [14].
Stratum Basale is the cuboidal-shaped bottom-most layer and is supplied with blood
from blood capillaries in the dermis. It also has Merkel cells, which are responsible
for touch sensation [14]. Stratum Spinosum is the layer on top, which is not supplied
with any capillaries, cells begin to divide in this region and move upwards. This region
also has some specialized cells such as Melanocytes, which is responsible for skin color
pigmentation, and Langerhans cells, which function similarly to white blood cells of the
blood, where it handles the foreign body pathogens which enter the skin surface and also
other immunological functions. The layer on top is Stratum Granulosum, which consists
of at and elongated keratin cells, which are granulated. Further upward is Stratum
Lucidum, which is a layer of dead keratin cells. This layer is predominantly found in the
palms and soles of the feet. Finally, up top is the Stratum Corneum layer, which is again
dead keratin cells, which one tends to lose quite frequently and are replaced.



2. Background and Theory

The Dermis is a region with connective tissue and composed mainly of collagen and
elastin, which secrete extracellular matrix [7]. This region provides exibility and support.
The hair follicle arises here and passes through the epidermis outside. It also has the
sebaceous gland, which lubricates the hair. Arrector pili muscle straightens the hair when
one is shocked and having a goosebumps moment or even during extremely cold weather
conditions [15]. There are eccrine and apocrine sweat glands that produce sweat, for
excreting unwanted substances from the body and also for thermal regulation of the body
[15]. There are also blood capillaries that start in this region and project up to the base of
the epidermis. There are cells in this region called broblasts, which secrete extracellular
matrix, throughout this region. This region also has the mast cells, which has a crucial
part in an allergic reaction, in ation, and hypersensitivity.

The Hypodermis region is primarily composed of a fatty layers of tissues and their main
role is insulation [7]. Generally speaking, the main functions of skin include it serving as
a physical barrier, vitamin D synthesis, temperature regulation, sensation, prevention of
water loss and abrasion, serving as containment for body, and providing structure to the
body [15].

Figure 2.3:  Anatomy of the skin. [16]
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2.3.3 Brain

The Brain is the controlling center of our body. It is composed of billions of nerve cells
[17][7]. The cells which constitute the brain are primarily of two types - Neurons and glial
cells. The neurons are responsible for the exchange of nerve impulses. Glial Cells on the
other hand helps to maintain homeostasis, produce Myelin, facilitate signal transmission,
overall support, and nourishment of the brain [18]. The brain is housed in meninges which
include Piamater, Dura mater, Arachnoid matter [17]. A watery substance called Cerebro
Spinal Fluid (CSF) surrounds the brain/spinal cord and provides insulation or protection.
There are special structures within the ventricles called the Choroid Plexus, which is
responsible for CSF production [17][7]. Blood supply to the brain is handled by two
arteries - the internal carotid artery which supplies the cerebrum and the vertebral arteries
which supply the brain stem, cerebellum, and the bottom part of the cerebrum [17]. The
brain communicates with the rest of the body through the spinal cord and twelve pairs of
cranial nerves. These cranial nerves control smell, vision, hearing, breathing, movement
of the eye, head, and face among other functions.

The brain has three main parts, namely the Cerebrum, Cerebellum, and Brain Stem, as it
can be inferred from the anatomy of the brain illustrated in Figure 2.4. The cerebrum is
the largest part of the brain and it can be divided into the left and right hemispheres.
These left and right hemispheres are connected through the Corpus Callosum [17][7],
which facilitates the communication between these two hemispheres. Also, each of these
hemispheres controls the other side of the body. The outer surface of the cerebrum has
the grey matter, while the inner surface is composed of white matter. The outer surface
called Cortex, also has grooves called Sulci and ridges called Gyri, throughout the outer
surface [17][7]. This outer surface is typically convoluted. The cerebrum contains regions
that are responsible for vision, touch, hearing, speech, motor movement, reasoning, logical
thinking, learning, emotions.

The Cerebrum could be divided into four lobes - Frontal, Parietal, Occipital, and Temporal
[17][7][18]. The Frontal lobe is the biggest of the four lobes. They are responsible for
personality, emotions, behavior, intelligence, decision making, planning, critical thinking,
concentration, and self-awareness of the human subject. There is a small region within
the frontal lobe called the Broca's area, which controls speech and writing ability [17][18].
There is also the motor strip area within this lobe, which controls the movement within
our body. The Parietal lobe region has the sensory strip area which interprets the sense
of touch, pain, and temperature. This region also interprets language, speech, hearing,
vision, memory, sensory, and motor areas. This region is also responsible for spatial and
visual perception. The temporal lobe is found in the temporal bone region and along
the side region of the head. This region has the Wernicke's area which can be used to
understand language [17][18]. Other main functions include hearing, memory, sequenc-
ing, and organization. Finally, the Occipital lobe is present on the backside of the head.
This region is primarily focused on interpreting vision based on color, movement, and light.

The cerebellum is located just below the Cerebrum. This region is connected to the brain
through a connection with the brain stem. It is responsible for balance, coordination,
and maintenance of body posture [17][7][18]. Finally, the spinal cord enters the cranium
through a hole in the cranium called the Foramen Magnum [17] and the brain stem forms
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the lower part of the brain. The brain stem consists of Medulla Oblongata, Pons, and Mid
Brain [7][18]. The "to" and "fro" exchange of information from the cerebral cortex to the
spinal cord and vice versa takes place through the pons and brain stem. Damage to this
region leads to brain death.The midbrain controls eye movement. The pons is responsible
for coordinating eye and facial movement, facial sensation, hearing, and balance. Medulla
Oblangata controls breathing, blood pressure, swallowing and heart rhythm. .

There are some other "deep" structures within the brain. Hypothalamus works with
the autonomous nervous system. It controls sleep, sexual response, thirst, and hunger.
Thalamus acts as the center for the exchange of impulses with the cortex. They have a
role in pain sensation, attention, memory, and alertness [17][7][18]. The pituitary gland,
also called the "master" gland, controls the endocrine glands and their hormones [17].
These hormones regulate sexual growth, muscle and bone growth, stress response. The
pineal gland regulates the body's internal clock and circadian rhythm [17]. The amygdala
controls emotional response and hippocampus is responsible for memory [17].

Figure 2.4: Anatomy of the brain. [18]
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2.4 Air Conduction and Bone Conduction hearing
aids

2.4.1 Air and Bone Conduction Hearing

Air and bone conduction is illustrated in Figure 2.5 for easier understanding. Air con-
duction (AC) hearing is the normal hearing pathway wherein the acoustic sound waves
(longitudinal) enter the auditory canal through pinna and strike the TM to get converted
into mechanical vibrations. These vibrations are transferred through the three auditory
ossicles to the oval window. These vibrations enter the scala vestibuli and scala tympani
regions which are lled with endolymph. Finally, they enter scala media, which is lled
with perilymph. These vibrations exert an inertial force on these inner ear uids [19].
This stimulates the hair cells and cilia on the basilar membrane. Each region is stimulated
di erently according to the frequency of vibration at that region. This leads to a chemical
change at hair cells and cilia, thereby resulting in nerve impulses that are generated
and carried to the temporal regions on both sides of the brain. Both these signals are
processed and compared, suppressing the noise so that one could localize the sound and
hear properly. AC aids are worn externally, usually behind the pinna. It has a microphone
that collects sound, processes it, ampli es it to the desired level, and feeds it to the
transducer, which is a miniaturized loudspeaker.

BC hearing bypasses the outer and middle ear, the rest of the hearing mechanism is
the same as AC, thereby leading to hearing perception. There are two ways by which
BC hearing can occur - either through BC transducer, which sums up the surrounding
sound waves, or our voice, which passes to the inner ear as vibrations through our teeth,
oral cavity, facial bones, and cartilages. There is a di erence when we hear our voice
live and a recorded version. This is because the recorded version does not include the
contribution from BC, only the AC sound is included. Contribution to the BC sound is
majorly through the skull bone, but also through the uids in the head such as CSF, skin,
soft tissue, and cartilage. All these structures play their part in vibrations and power
transmission in the head. The various hearing pathways are illustrated in Figure 2.6 and
one can get a sense of the classi cation of the BC through Figure 2.7, which shall be
covered in detail in the upcoming sections.
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Figure 2.5: Air and bone conduction. [20]

Figure 2.6: Hearing pathways. [21]

Figure 2.7: Classi cation of bone conduction hearing devices. [22]

13



2. Background and Theory

2.4.2 Skin Drive

Skin drive devices are those in which the vibrations generated from the transducer are
passed through the skin for BC in the skull, as illustrated in Figure 2.8. There two major
classes of skin drive devices - conventional and passive transcutaneous as shown in Figure
2.7 [22]. Conventional devices are completely non-invasive and surgery-free, as they have
a microphone, sound processor, and transducer outside and behind the ear, enclosed in a
housing and held in place through means such as headband, steel spring, or eyeglasses. To
ensure the vibrations are properly transmitted to skull bones, the conventional hearing aid
must be pressed against the head with a static force of typically 2N [8]. This might cause
pain, irritation, and discomfort after prolonged usage. They also su er from vibration
damping due to skin and subcutaneous tissue, thereby reducing its intensity reaching the
cochlea [8]. These devices are easy to use and simple, making them an ideal candidate for
children or intellectually disabled patients [8].

Passive transcutaneous devices are the same as conventional BCDs, with the only dif-
ference being that a magnet is surgically implanted beneath the skin and this magnet
keeps the device in place and does not allow it to move [22]. This will ensure e cient
transfer of power and it is an aesthetically appealing solution [22][8]. It also su ers from
the static force on the skin issue, where there is dampening provided by the skin over
2 Khz, thereby reducing the electroacoustic function of the aid [8]. Currently available
passive transcutaneous devices on the market include sophono and baha attract.

Figure 2.8: lllustration of skin drive devices. [23]
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2.4.3 Direct Drive

BCDs, where vibrations are given directly to skull bones, are called direct-drive devices, as
it is illustrated in Figure 2.9. These devices can avoid the damping provided by the skin
and soft tissues, thereby a stronger intensity signal can be directly stimulated on the skull
bone [24]. One such direct BCD is the Baha series from Cochlear BAS, as shown here in
Figure 2.10. Another competitive device on the market is the Ponto series from Oticon
Medical. This device has titanium implants along with the abutment, implanted directly

in the parietal skull bone, thereby creating a permanent skin penetration. This titanium
implant osseointegrates typically within three months. An external unit consisting of a
microphone, sound processor, transducer, battery, and other electronics is enclosed in a
casing and attached to the abutment. The arti cial head, which is to be developed through
this project, is predominantly to test these devices. Bone Anchored Hearing Aids (BAHA)
serves as the gold standard of implantable BCDs used to treat congenital malformations
and middle ear defects. It also has an easy and safe surgical implantation procedure, as
illustrated here in Figure 2.11, which makes it suitable for a large patient group. Users
also report increased wearing comfort and sound quality [25][26]. Some limitations do
exist like the potential skin irritation, granulation tissue formation, infection, requirement

for daily lifelong care, possibly coming o the head through trauma, aesthetic and social
stigma [8].

Another class of direct drive devices is the active transcutaneous devices. There is no
permanent penetration of the skin and a transducer is implanted in the skull, thereby
facilitating direct bone conduction. They use both implanted and external magnets and
transmit signals from the external units via inductive link. They su er from skin damping,
though not at the levels of skin drive devices. An example of this class of device is the
Bonebridge series from Medel. They do not su er from the acoustic feedback problem as
the microphone and transducer are separate. However, the surgical procedure to implant
transducer and magnets are a bit complicated [8], with Bonebridge being more invasive in
comparison to BAHAs. More information about this class of devices will be discussed in
the upcoming BCI section.

Figure 2.9: lllustration of direct drive devices - BAHA. [23]
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Figure 2.10: Cochlear's Baha series of implants. [27]

Figure 2.11: Surgical implantation of BAHA at mastoid position. [28]
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244 BCI

Bone Conduction Implants (BCI) is an example of active transcutaneous BCD. BCI,
shown in the Figure 2.12 was developed as an alternative to percutaneous BAHA and
underwent clinical trials in recent years. This was developed as a joint e ort between
the Chalmers University of Technology, Sahigrenska University and the University of
Gothenburg [8]. The main advantage of this device is that it leaves the skin intact. It has
both an external unit which is magnetically retained in position and implanted unit, which

is surgically implanted in the skull at the mastoid bone beneath the skin and soft tissues.
The external unit consists of two directional microphones, a battery, a digital signal
processor, an external magnet, a modulating circuit, and a transmitting coil, all encased
in a plastic housing. The implanted unit consists of an internal holding magnet, receiving
coil, demodulating circuit, and a BC transducer. The microphone receives the acoustic
signal, it is processed and amplitude modulated before the generated electro-magnetic
signal being transmitted through an inductive link to the implanted unit. This signal is
received and demodulated before being fed to the BC transducer, which then functions
similarly to a direct bone conduction transducer i.e., vibration transmission via skull
bones [29]. The transmitted signal must have su cient power to stimulate the cochlea
and create a proper hearing perception. The overall working principle and the vibration
transmission to Cochlea are illustrated in Figure 2.13. The BC transducer used here is
Balanced Electromagnetic Separation Transducer (BEST), which was invented in 2003 by
Dr. Bo Hakansson [30]. This transducer reduces distortion and is compactly designed.
This also makes it anatomically more suited to a wider group of patients.

The surgical procedure to implant BCls were found to be safe, e ective and reliable. A
previous study investigated the e ects of MRI on BCI and found it to be MR conditional
when tested under the MRI eld of 1.5 Tesla [31][32]. Another issue with the BCI is that
the inductively transmitted signal does undergo distortion through the skin of the order
10-15 dB [33][34] even though it is less than the 20dB distortion associated with skin drive
devices [22][35]. This issue could be countered by implanting the transducer as close as
possible to the cochlea and high-frequency boost experienced by the transducer between
2500 to 6500 Hz to increase its output force [29].

Figure 2.12: Active transcutaneous BCI with its implantation and external units. [8]
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Figure 2.13: lllustration of direct drive devices - BCI. [23]

2.45 In The Mouth

An illustration of the functioning of the "In the mouth" devices is shown in Figure 2.14.
These devices transmit BC sound owing to a direct and rm connection between the
teeth/jaws and the skull bone. A popular example of this type of device is the Soundbite
series released by Sonitus medical, which is no longer in the market anymore. Nonetheless,
it is still interesting to understand their working principle. A piezoelectric transducer

is attached to the upper left or right back teeth. A microphone is attached behind the
ear, which transmits the acquired acoustic sound waves wirelessly to the transducer at
teeth. This method is completely non-invasive, which is its main advantage. However,
the oral environment is acidic, which makes it unsuitable for any electronic component
[8]. Also, this device might su er from problems associated with acoustic feedback, noise
disturbance, and discomfort, predominantly while eating. Since the transducer is placed
inside the mouth, it needs to be very compact, which reduces the power output. Hence we
can say that it is suitable for single-sided deafness (SSD) over a conductive or sensorineural
hearing loss. This is because the primary aim is to have a high frequency gain to overcome
the head shadow e ect and could be designed as a low power-consuming device [23].

Figure 2.14: lllustration of the functioning of in the mouth hearing devices. [23]
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2.5 Existing Testing Systems

2.5.1 Arti cial Mastoid

Arti cial mastoid (AM) is an arti cial load developed for the objective measurement of
output force measurements, as shown in Figure 2.15. It represents the load of skin-covered
mastoid region alone, which makes it suitable for testing and calibration of transcutaneous
BC devices [36].

Figure 2.15: An arti cial mastoid. [37]
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