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Abstract

This thesis investigates and develops an artificial human scalp replica for use in bone conduction hearing
device testing, with the goal of improving the accuracy and reliability of bone conduction hearing de-
vice evaluations. The work was motivated by Cochlear Bone Anchored Solution’s need to enhance their
existing head simulator, which previously lacked a component mimicking the mechanical properties of
human scalp tissue. To achieve this, a wide range of silicone-based scalp materials were evaluated using
three primary performance metrics: mechanical point impedance, attenuation and acoustic feedback. All
measurements were conducted using a standardized measurement setup involving Cochlear’s HeadSim1
simulator. Additionally, a market investigation was conducted to collect new mechanical point impedance
reference data from 19 human subjects under identical conditions to ensure comparability with the arti-
ficial materials. Multiple types of artificial scalps, including Ecoflex and FS10 variants, in-house crafted
silicones, and molded custom shapes, were assessed through repeated measurements to ensure consistency
and minimize errors. The findings reveal that Ecoflex0010, particularly the adaption developed in this
thesis, best replicates human scalp properties. It demonstrates the lowest mean absolute error (MAE)
in mechanical point impedance and attenuation combined, and performs well within acceptable ranges
for acoustic feedback compared to clinical reference data. The aim of this study was fully achieved: a
validated, usable artificial scalp that improves the fidelity of bone conduction hearing device testing was
identified. The broader implication is an enhancement in preclinical evaluation tools for bone conduction
hearing devices, leading to more reliable data and potentially reducing the need for clinical testing iter-
ations. This contributes to better design decisions, increased patient safety, and faster innovation cycles
in the field of bone conduction hearing device technology.

Keywords: Cochlear, Bone Conduction Hearing Devices, Mechanical Properties, Mechanical Point
Impedance, Attenuation, Acoustic Feedback, Head Simulator, HeadSim1 Artificial Scalp.
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1 Introduction

1 Introduction

Approximately 1.5 billion people worldwide currently su er from hearing loss, including 430 million

a ected by severe or profound hearing loss [1]. By 2050, this number is projected to exceed 700 million.

Cochlear, a leader in implantable hearing solutions, has developed advanced technical aids to address
this issue. These technical aids include bone anchored hearing aids and various hearing implants. To
test these devices, Cochlear's technology development team created a head simulator that replicates the
mechanical properties of the human head, except for the absence of a scalp. To further enhance test
reliability, the development of an arti cial scalp that mimics the mechanical properties of a human scalp

is essential in order to achieve more accurate testing conditions.

1.1 Introduction to Cochlear

Cochlear, an Australian based company founded in 1981, is a global leader in implantable hearing solutions
[2]. Specializing in the design, manufacturing, and supply of advanced hearing devices, Cochlear o ers
products such as cochlear implants, bone-anchored hearing aids (BAHA), and Osia implants. Their
mission is to help people of all ages to hear and be heard, with more than 750,000 implantable devices
provided worldwide. Cochlear aims to establish cochlear implants as the primary treatment for individuals
with severe to profound hearing loss, while also o ering bone conduction solutions for conductive hearing
loss, mixed hearing loss, and single-sided deafness.

Founded in 1999 in Gothenburg, Sweden, Enti c Medical Systems specialized in the development and
manufacturing of BAHA systems [3]. In 2005, the company was acquired by Cochlear, leading to the
establishment of the new division Cochlear Bone Anchored Solutions AB. This division assumed responsi-
bility for the development and manufacturing of bone conduction systems under the Baha brand. Today,
the global headquarters for Cochlear's Acoustics solutions is located in Gothenburg.

1.2 Aim & Research Questions

The main purpose of this thesis is to investigate arti cial materials that closely mimic the mechanical
properties of human scalp. The goal is to nd a usable solution that enables more reliable implant
testing and increases testing accuracy in Cochlear's head simulator for bone conducted hearing devices.
To qualify as a suitable replica, the material should match or closely approximate the mechanical point
impedance, attenuation characteristics and acoustic feedback of human scalp. The objective of this study
can be addressed through the following research questions:

" How closely do the materials mimic attenuation properties of human scalp?
How closely do the materials mimic mechanical point impedance properties of the human scalp?
How closely do the materials mimic acoustic feedback properties of the human scalp?

Does the shape of the scalp replica have an impact on its performance?
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1.3 Limitations

The thesis work is restricted to some limitations, due to both time and resources. Human mechanical
scalp properties vary among individuals based on factors such as age and gender. Therefore, this study
focuses on aligning the replica's mechanical properties with existing average clinical reference data rather
than accounting for individual variations. Additionally, the work is limited to using Cochlear's head
simulator as the foundation for all scalp measurements and adaptations. The evaluation of how accurately
the replica mimics scalp properties is solely based on measurements of attenuation, mechanical point
impedance and acoustic feedback.
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2 Theory

This section provides an overview of the foundational concepts essential for understanding the work
presented in this report. It begins with an introduction to bone conduction hearing devices and their
underlying mechanisms. This is followed by a description of the anatomical structures relevant to hearing,
including the brain, skull, scalp and ear. Various types of hearing loss are then described. Furthermore,
the section presents di erent evaluation and calibration models for these devices, such as cadaver heads,
skull simulators, head simulators and arti cial mastoids. Finally, the mechanical properties central to
this study are introduced.

2.1 Bone Conduction Hearing Devices

Bone conduction hearing devices are designed for patients with conductive or mixed hearing loss as well as
single-sided deafness [4]. These devices are particularly e ective when traditional air conduction hearing
aids are unable to restore hearing. Bone conduction hearing devices transmit sound vibrations through
the bone to the functioning inner ear, bypassing the damaged or impaired parts of the hearing pathway.
A typical bone conduction hearing device consists of an external sound processor, an internal implant,
and a connector that links them together [5]. There are multiple di erent manufacturers on the market,
but as this thesis is conducted in collaboration with Cochlear Bone Anchored Solutions AB, their devices
will serve as the basis for the research at hand.

2.1.1 Cochlear's Baha System

Cochlear's Baha system is an implantable bone conduction hearing device that can be either percutaneous
or transcutaneous [6]. The Baha Connect system (see Figure 1) is percutaneous and consists of an
external sound processor, a titanium implant, and a scalp penetrating titanium abutment that connects
the external and internal components [6] [7]. The Baha Attract system (see Figure 2), on the other hand,

is a passive transcutaneous system that uses magnets to connect the external and internal components,
leaving the scalp intact [7]. In both systems, the titanium implant is placed on the mastoid bone behind
the ear to achieve osseointegration [6]. The sound processor detects and converts sound into vibrations,
which are transmitted to the implant. The implant then transfers the vibrations to the cochlea, bypassing
the impaired part of the hearing pathway.

Figure 1: An illustration of the Baha connect
system [6]. Figure 2:  An illustration of the Baha attract
system [6].
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2.1.2 Osia implant

The Osia OSI300 is an active transcutaneous bone-anchored hearing implant that utilizes bone conduction
[8]. By bypassing the impaired parts of the hearing pathway, the Osia system transmits sound vibrations
directly through the bone to the inner ear [8] [9].

As can be seen in Figure 3, the Osia implant consists of an external sound processor and an internal
titanium implant [9]. The implant is placed under the scalp behind the ear, and the external sound
processor is held in place by a magnetic connection. Microphones in the external processor capture
sound, which is converted into a digital signal. This signal is transmitted through the scalp to the
implant coil that forwards it to the piezo power transducer. The transducer then converts the signal into
vibrations that are transmitted through the bone to the cochlea [9].

Figure 3: The internal titanium implant and external sound processor of an Osia implant.

9]

2.2 Anatomy of the Human Head

This section provides an overview of the anatomical structures relevant to auditory processing and bone
conduction, including the brain, skull and scalp.

2.2.1 Anatomy of the Brain

The brain is a complex organ responsible for both sensory and motor functions [10]. Along with the
spinal cord, it forms the central nervous system. There are three major parts of the brain: cerebrum,
cerebellum and the brainstem, as shown in Figure 4. The cerebrum is the largest part of the brain and is
divided into the left and right hemispheres. Both hemispheres contain an inner subcortical white matter
and an outer layer called cerebral cortex, which is composed of gray matter. The cerebrum is responsible
for processing motor and sensory information, regulating behavior and emotions, and facilitating memory
and intelligence. The cerebrum is further divided into four lobes: frontal, parietal, temporal and occipital.
The parietal and temporal lobes are responsible for hearing.
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Figure 4. The three main parts of the anatomical human brain.
[11]

The cerebellum is located in the back of the head, between the cerebrum and the brainstem [10]. It is
responsible for coordinating voluntary movements, maintaining balance and posture, and assisting with
cognitive functions such as language and attention.

The brainstem connects the cerebrum to the cerebellum and consists of white and grey matter [10]. It
is divided into the midbrain, pons and medulla. Among these, the pons plays an important role in
processing auditory information.

2.2.2 Anatomy of the skull

The human skull consists of 22 bones and is divided into two main parts: the neurocranium and visce-
rocranium [12]. The neurocranium serves to protect the brain, while viscerocranium forms the structure
of the face. The primary role of the skull is to support critical brain regions, including the cerebellum,
cerebrum and the brainstem. Additionally, the skull provides attachment points for muscles via tendons.

The skull features three cranial fossae: the anterior, middle, and posterior cranial fossae as illustrated
in Figure 5 [12]. Anterior cranial fossa contains the frontal lobe of the brain, the middle cranial fossa
contains the temporal lobe, and the posterior cranial fossa contains the cerebellum. The middle cranial
fossa serves as a pathway for the cochlear nerve, a part of cranial nerve VII, known as the vestibulocochlear
nerve [13]. The cochlear nerve plays a vital role in hearing by transmitting auditory signals from the
inner ear to the brain.

Figure 5: The anatomy of the skull, depicting the three cranial fossae.
[14]
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E ectiveness of bone conduction is dependent on the properties of the skull bone [15]. At low frequencies,
the skull acts like a rigid body. At higher frequencies, di erent types of sound waves occur.

2.2.3 Anatomy of the scalp

The scalp is the outermost layer of soft tissue that covers and protect the cranium from trauma and
pathogens [16]. It consists of ve layers: skin, dense connective tissue, epicranial aponeurosis, loose
areolar connective tissue, and periosteum, as seen in Figure 6.

Figure 6: The anatomy of the human scalp.
[17]

The periosteum is the deepest layer, attached to the skull [16]. It is made of dense irregular connective
tissue and is responsible for supplying blood to the underlying bone. Above the periosteum is the
loose areolar connective tissue, which separates the upper layers from the pericranium. The epicranial
aponeurosis is a strong connective tissue layer tightly connected to the dense connective tissue, preventing
excessive stretching of the scalp. Next is the dense connective tissue, which contains nerves, lymphatics,
and blood vessels that provide vascular supply to the scalp. The skin is the outermost thick layer,
containing hair follicles and sebaceous glands that produce sebum to protect and hydrate the scalp.

The skin consists of three layers: the epidermis, dermis and hypodermis [18]. The epidermis is the
outermost layer, serving as both a physical and immune barrier that protects the body from damage and
pathogens [19]. It contains ve layers of keratinocytes, held together by desmosomes. The dermis, the
middle layer of the skin, is composed of two layers of connective tissue, hair follicles and hair, sweat glands,
muscles, neurons and blood vessels [18]. The hypodermis is the deepest layer of the skin, consisting of
fat, sensory neurons, blood vessels that supply the skin, and hair follicles.

The skin of the scalp is structurally similar to the skin on the rest of the body. However, it produces
more sebrum, has a di erent hydration balance, and a speci c pH range [20].

Ungar et al. (2018) examined scalp thickness in dierent individuals [21]. Findings showed that the
average adult human scalp thickness is 8 mm. However, scalp thickness varies with age. In children
under 7 years old, the scalp thickness typically ranges from 3 to 4 mm [22]. In older children, the scalp
thickness tends to increase and shows greater variation with age. In comparison, Cochlear's existing
scalps have a thickness of 4 mm.

2.3 The anatomy and function of the ear

The ear is the organ responsible for hearing and balance, and is divided into three sections: the external
ear, also known as the outer ear, the middle ear, and the inner ear, depicted in Figure 7 [23]. The external
ear consists of the pinna (the visible outer part), the external auditory canal (a passage connecting the
outer and middle ear), and the tympanic membrane, also called the eardrum, which separates the external
ear from the middle ear. The middle ear contains the ossicles which are three tiny bones called the malleus,
incus, and stapes. These bones transmit sound to the inner ear. It also includes the eustachian tube,
which connects the middle ear to the back of the nose and helps equalize pressure for e ective sound
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