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Abstract

The objective of this research was to develop an integrated Port Hamiltonian model

of the human outer, middle and inner ear. The developed Port Hamiltonian model of

the human ear is based on the Dirac structure. The outer, middle and inner ear are

developed in segments, tested and validated prior to the system being coupled. The

outer, middle and inner ear are validated against existing literature and the results are

found to be comparable. The application of the developed Port Hamiltonian model

is illustrated using a developed feedback based noise policy management model for

mine workers. This feedback based measurement system can be used to monitor mine

workers in the mines hence provide the mine administrators with the current state of

hearing of the individual worker. The information obtained from the system may be

used by the administration to provide an early intervention and as a result the mine

workers are protected from experiencing significant hearing threshold shifts. A control

engineering approach is then used to formulate the mining noise occupational policies

as a control law. Both social and measurements aspects of this system are explored.

The International Standard Organization guide ISO:1999 is used to generate data

and develop a basic feedback model. The basic feedback model is further refined into

a dynamic model which includes a Port Hamiltonian integrated ear model and the

mining policies. The feedback based noise policy management model is validated

using real data from the mine documented in open source literature. The models are

implemented using MATLAB as a modelling platform and the results are generated

using the Simulink model. This research work has been given an ethical clearance

certificate by the Human Research Ethics Committee (Medical), therefore, allowing

for the findings of the investigations to be published. In conclusion,to be developed

is an integrated Port Hamiltonian model of the Human outer, middle and inner ear

to be used for estimation of Noise induced hearing loss. The use of this model is then

illustrated using a feedback based noise policy monitoring system for mine workers.
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Chapter 1

Introduction

Occupational Noise Induced Hearing Loss (ONIHL) is a permanent hearing impair-

ment that progresses gradually for an extended period of time (several years) as

a consequence of predisposition to high levels of incessant or interment noise [1].

Irrespective of the Hearing Conservation Programmes (HCP), ONIHL has continued

to upsurge over the years in the South African mines. The average exposure in

South African mines is observed to be between 63.9dBA and 113dBA with roughly

73.2% of the mine workers in the industry being subjected to noise intensity levels

above the legislated occupational exposure limit of 85dBA [2]. 1820 cases of ONIHL

were reported in 2007 by the department of mineral resources in South Africa [3].

The same report [3] which is released annually shows an increase in the number of

reported cases of ONIHL from 2007 to 2019. The National Institute for Occupational

Safety and Health (NIOSH) reported that roughly 50% of mine workers will have

hearing loss when they are 50 years old, and 70% will have hearing loss by the age of

60 [4]. ONIHL significantly reduces the quality of an individuals life. Individuals

with ONIHL characteristically suffer from communication interference, dejection,

anxiety, humiliation, friction in relationships and shame. Hearing loss has a ripple

effect of not only affecting the miner but their families and the entire community [5].

The characteristic of ONIHL are; firstly, the hearing loss increases with increase in

noise intensity and also the period of exposure. Secondly, individual susceptibility

to ONIHL varies greatly but the variation is not well understood. Some of the

factors that have been implicated in the variations are: age, cigarette smoking, use

of ototoxic medication, type 2 diabetes and previous sensorineural hearing loss [6].
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1.1 Background

1.1.1 Noise and its effects on human health

Noise may be defined as undesirable sound lacking musical quality. The source from

which noise is generated may be used to classify noise as:

• Intermitent

• Impact or impulsive noise

• Repetive impact noise

• Continous narrow band noise

• Continous wide band noise

The listed classifications of noise are emitted in the mines at varying frequencies

and intensities. Exposure to occupational noise may cause hearing impairment,

ONIHL tinnitus, disturbance in speech communication and increased risks of

accidents. ONIHL is one of the most prevalent occupational diseases caused by

extended exposure to loud noise [7]. A direct correlation exists between the

capacity of a machine and the amount of noise it produces. Large machines

with greater capacity produce more noise[8].

1.1.2 Noise policies in the mine

The South African mines have rules and regulation for occupational noise in the

mines, summed up into policies that assist administrators in decision making. The

Department of Minerals and Energy (DMR) has well documented compilation of a

mandatory code of practice for occupational health programme for noise. The main

aim of the guideline is to enable the mine employers to include all the guidelines

in their implementation of policies hence ensuring zero harm to the mines. The

Mine Healthy and Safety Council (MHSC), 2014 occupational and health safety

summit milestones states that by December 2024, the total operational or process

noise emitted by any equipment must not exceed a sound pressure level of 107

dB and by December 2016, no employee’s Standard Threshold shift (STS) should

exceed 25 dB from the baseline when averaged at 2000, 3000 and 4000 HZ in one

or both ears. These rules and regulations have been incorporated into the Hearing
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Conservation programmes (HCP) in the mines. However, literature still shows that

the implementation of the programmes have not been effective [5].

1.1.3 Stakeholders in the mines

The mine stakeholders are: the government, political parties, business and investors,

non governmental organizations, opinion makers, organized labour, communities and

the media [9]. All the stakeholders play a role in policy formulation, implementation

and monitoring. The government creates a politically stable environment and business-

friendly policies and legislations that ensure the country experiences economic growth.

The main objective of the government is to meet its target for Net Domestic Product

(NDP) using the mining industry as one of the target areas. The Chamber of Mines

acts as an intermediary body between the government and the mines. Currently, the

chamber of mines is negotiating with the Department of Mineral Resources (DMR)

on reviewing the charter that was established in 2004 to 2014 and set up new targets.

Political parties represented in parliament are one of the main stakeholders. They

are mainly concerned with the socio-economic health of the mine workers, the future

plans of the mining industry in South Africa, strategies and policies that would affect

the well-being of the workers. The political parties play various roles in the mining

industry: for instance they hold the government, chamber and unions accountable to

providing updates on progress made with regards to occupational health issues and

compensation. The business investors main goal is to make profits from the mines.

The structure and policies presented in the charter have to ensure that they make

profits from their investment. Non governmental organization and opinion makers

ensure that there is a compliance and implementation of policies discussed in the

mining charter. The organized labour are concerned with job preservation as well

as having a safe and sustainable mining industry. Communities around the mines

are stake holders whose main interest is creation of jobs for community members,

community development by the mining company, compensation for injuries/deaths

and the legacy issues [10].

1.1.4 Hearing Loss myths among mine workers

Hearing myths among the mine workers affect current policy implementation and

reduction of ONIHL. Witt, [11], documents hearing myths among workers with

regards to wearing of the hearing protection. Similar beliefs are also held by the



Chapter 1 — Introduction 4

mining workers in the South African mines. For instance it is believed that ear plugs

are a source of ear infection. There is no research that substantiates this claim. It is

also believed that the eardrum can be hurt if the ear protection is pushed too far.

Liberman et al, [12], states that the eardrum canal is approximately 35 millimetres

long ending at the eardrum. Ear protection designers pay attention to the anatomy

of the ear and therefore, their designs meet the required specifications of being

shorter than the length of the ear canal. The soft cartilage structure at the opening

of the ear canal transforms into a bony structure when any solid object moves to

close proximity of the ear drum. The miners also claim that they cannot hear their

co-workers, machine noise or alarms when wearing ear plugs. [11] This then affects

their job performance since communication will be in jeopardy. Manufacturers have

since responded by designing better ear plugs. Attenuation of frequencies across

all frequencies, including use of amplification circuits and electronic suppression of

background noise are some of the techniques currently being employed. Miners also

claim that they need to prove their strength by claiming, that the deafer you are,

the more you have worked at the mines and therefore deserve respect. This myth

encourages the younger miners to avoid ear protection so as to increase their level of

respect over time.

1.1.5 Problem contextualization

As a result of the sophisticated and efficient equipment currently being designed, the

mining industry has experienced evolution and tremendous increase in production.

In addition to that, there is depletion in minerals at the reserves that are shallow

in the South African mines, therefore reefs that are at a much deeper level are

being exploited. This has resulted in an increase in noise level coming from the

rocks and the machinery. Deep mines can become very warm hence making it very

uncomfortable for the mine workers to wear protection devices for longer work shifts.

Both the ageing and the new work force needs to be protected to ensure that there is

no further hearing loss and that communication among mine workers during work is

not compromised. South African mines have Hearing Conservation Programs (HCP).

However, these have not been successful due to the following:

• Fragmented and poorly implemented HCP [5].

• Longer intervals between the testing periods (Annual or Biannual testing period

for workers).
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• Longer waiting periods before change in policies (Currently they are changed

after 10 years).

• Focusing on hearing protection than noise monitoring.

• Lack of sufficient legislation and insufficient universal standards [5].

• Lack of knowledge by health and safety practitioners on impact and effects of

noise and risk perception [5].

• Reliance on the use of Personal Protective Equipment (PPE) as a trusted mode

of protection against occupational noise induced hearing loss. PPE should only

be employed in cases where engineering controls have failed [13].

• Lack of efficient noise monitoring and administrative system.

In order for noise induced hearing loss to be dealt with at an early stage, there is a

need for development of integrated models of the human outer, middle and inner ear.

These models can then be used in estimation of noise induced hearing loss under a

real work environment.

1.1.6 Models for estimation of noise induced hearing loss

There are several models that are used to model the human ear. This section

summaries current ear models in the literature. For references purposes a summary

of the models is provided. Further details are given in chapter two of this dissertation.

These models may be probabilistic [14] or time based [15]. The probabilistic models

usually demonstrate how fatigue occurs to the inner and outer hair cells while the

time based models demonstrate damage to the cochlear as a result of exposure to

occupational noise. One of the demerits of the probabilistic model is that they

are empirically derived hence excluding the actual human ear [15]. Dynamic ear

models include electrical circuit models whose parameters are not closely linked to

the anatomical data and are independent of the behaviour being modelled. Lumped

and distributed parameter models are easier to compute than finite element models,

however, their derivations rely on assumptions made, this makes it difficult to model

the complexities of realistic geometries. The finite element models provide insight

into vibration shapes, stress distribution and dynamic behaviour and are suited for

models that are detailed and require accuracy[16], however, the simulations for the

finite element model take a very long time and its not always easy to find a suitable

mesh [17].
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1.2 Research question

From the problem contextualization and research literature, two main questions arise:

• Can an integrated Port Hamiltonian model of the human outer, middle and

inner ear be developed and used to estimate noise induced hearing loss?

• Can this developed Port Hamiltonian model be used to estimate noise induced

hearing loss in a feedback system and hence provide a noise policy management

system?

1.3 Research contribution

The main contribution to knowledge in this research is:

• Development of a comprehensive integrated Port Hamiltonian model of the

human outer, middle and inner ear that may be used for estimation and

assessment of noise induced hearing loss.

• Unique application of this Port Hamiltonian model to a noise policy management

feedback model.

The significance of the developed Port Hamiltonian model is that it may be

used for monitoring and providing early intervention for Noise Induced Hearing

Loss for the South African mines.

1.4 Scope and Limitations

This study is limited by the following conditions:

1. The developed Port Hamiltonian Model of the Human outer, middle and inner

ear is for humans only.

2. The auditory system of human beings extends from the pinna to the auditory

nerve. Since cochlea degeneration with outer hair cells can still provide reason-

able results to indicate ONIHL, the inner hair cells and the auditory nerve are

excluded.
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3. Measurement of the ear dimensions of the auditory system would involve surgery

on a living subject which would be invasive. Parameters for validation of the

models are therefore obtained from existing literature.

1.5 Methodology

An overview of the methodology to be followed is presented, a detailed methodology

is presented in chapter 3 of this research work. In order to estimate ONIHL, it is

Figure 1.1: Methodology for the design of the feedback based model

essential that an integrated model of the human outer, middle and inner ear has to

be developed. To test the usefulness of this model, a unique mining context is used,

The methodology provided shows the significance of developing the model and hence

answering of the key research question in section 1.2.
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1.6 Published work

Aspects of this dissertation have been published or submitted in the following

references:

• Madahana M. C. I .,Ekoru, J. E. D. and Nyandoro, O. T. C. , Smart noise

policy monitoring and feedback control system for mining application, IFAC -

Journal Papers online ”Accepted”

• Madahana M. C. I.,Ekoru, J. E. D., Mashinini and Nyandoro, O. T. C. , Noise

level policy advising system, IFAC - Papers online 2019

• Madahana M. C. I.,Ekoru, J. E. D., Mashinini and Nyandoro, O. T. C. , Mine

worker Threshold shift estimation via optimization algorithms for deep current

neural networks, IFAC - Papers Journal online 2019

• Madahana M. C. I., Nyandoro, O. T. C. and Ekoru, J. E. D., Sliding mode

controller for a feedback accelerometer with a distributed Mass, IFAC- Journal

PapersOnLine, vol. 50, No 2, pp 295 - 300,2017

• Moroe F M,Shangase K K, Madahana M C I, Nyandoro O T C ,A feedback-

based noise monitoring model: A proposed model of managing occupational

noise induced hearing loss in the mining sector in South Africa” Journal of the

Southern African Institute of Mining and Metallurgy, January 2018.

• Madahana M. C. I .,Ekoru, J. E. D. and Nyandoro, O. T. C. , A port Hamilto-

nian Model of the Outer and Middle ear for assesment of middle ear bone

conduction diseases , IFAC - Journal Papers online ”Under review”

• Madahana M. C. I .,Ekoru, J. E. D. and Nyandoro, O. T. C. , Integrated Port

Hamiltonian model of the human outer, middle and inner ear for hearing loss

assesment, IFAC - Journal Papers online ”Under review”

• Madahana M. C. I .,Ekoru, J. E. D. and Nyandoro, O. T. C. , Development of

a feedback based prototype for noise level policy monitoring, IFAC - Journal

Papers online ”Under review”

• Ngwako T, Madahana M. C. I.and Nyandoro, O. T. C. , Modeling and control

of an autonomous Linear DC Machine based Mine Locomotive, IFAC - Journal

Papers online ”Accepted”
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• Ngwako T, Madahana M. C. I.and Nyandoro, O. T. C. ,A condition for a singular

Optimal control Formulation for a tandem Pair of Gravity Fed Linear DC

Machine Powered Mine Locomotives, IFAC - Journal Papers online ”Accepted”

1.7 Dissertation structure and reading guide

This dissertation is structured as follows:

An extensive theoretical background of the work done is provided in the literature

review in chapter 2. In this chapter, the acoustics of hearing which includes the

human ear anatomy and the role of the outer, middle and inner ear with respect to

sound transmission is discussed. Ear models for instance; probabilistic, electrical,

finite element, lumped, distributed and energy based models (Lagrangian and Port

Hamiltonian) are also presented in this chapter.

A detailed methodology showing the development of the overall system and subsys-

tems is provided in chapter 3. Through this chapter, the steps followed to answer

the research question and sub questions are presented. Data collection and ethical

issues that could arise from this research are also discussed.

The dynamic model of the ear is presented in chapter 4. This chapter includes

the mathematical preliminaries followed by a comprehensive modelling of the outer,

middle and inner ear using the Port Hamiltonian approach. The validation, results

and analysis of the results are also provided in this chapter.

A Noise policy management model is proposed in chapter 5. The modified ISO:1999

together with the developed dynamic ear model is used in the development of a

feedback model. The results of the model and the analysis are also presented.

The recommendations and conclusion are summarised in chapter 6 of this research

dissertation.

1.8 Conclusion

Ability to hear drastically influences the quality of life for a human being. Numerous

researchers all over the world have developed models to asses different pathological

conditions that can affect one’s ability to hear. Most of these models are segmented
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and only address pathological conditions found in a certain section of the ear. There

is still a lot that has to be done in order to easily and accurately detect this condition.

The work that is presented in this dissertation is focused on the development of an

integrated Port Hamiltonian model of the outer, middle and inner ear to be applied

particularly in the assessment of hearing loss.
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Chapter 2

Literature review

2.1 Chapter overview

The purpose of this chapter is to provide an extensive summary of the ear anatomy,

the mechanism of hearing and human ear modelling techniques. The literature will

also serve as motivation for the research area that this work is based on. Some of

the points raised in this chapter are presented in detail in the subsequent chapters.

2.2 The acoustics of hearing

2.2.1 Summary of the human hearing mechanism

The human auditory system consists of the outer, middle, inner ear and the acoustic

nerve. Sound energy is gathered by the outer ear and transferred to the middle ear

via the concha also known as the ear canal to the middle ear. The incoming sound

energy causes the ear drum to vibrate, these vibrations are then transferred to the

inner ear via the ossicles. The inner ear is composed of two parts, The cochlea and

the vestibule system which is an organ of balance [19]. The snail shaped cochlea

comprises of thousands of hair cells named Inner Hair Cells (IHC) and Outer Hair

Cells (OHC). One of the roles of the OHC is to aid in sound vibration amplification

from the middle ear while the IHC converts these vibrations into electrical signals

which are then sent to the brain via the auditory nerve. Translation of the signals in

the brain makes them distinguishable and comprehensible to the human. Damages

may occur to the organ of corti through various ways like aging, loud noise, ototoxic
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Figure 2.1: Human ear anatomy [18].

chemicals and medication. Damage to the hair cells (Both OHC and IHC) caused

by exposure to loud noise results in irreversible hearing loss known as sensorineural

hearing loss [20].

2.2.2 Sound and hearing

Sound is an auditory brain sensation caused by disturbance in a medium[21]. Hearing

occurs when the ear transforms sound vibrations into nerve impulses and they are

interpreted as sound by the brain. The auditory system has the ability to distinguish

different aspects of a sound for instance pitch and loudness. Pitch is the biased

view of frequency measured in cycles per second with the unit of Hertz. The normal

audible range of frequencies is 20 Hertz to 20 Kilohertz with sensitive frequencies

occurring between 1000 to 4000 Hertz. The perception of sound intensity is referred

to as loudness and it is measured in decibels. With respect to the ear, it is referred to

as the pressure produced by sound on the tympanic membrane. The human hearing

range on the decibel scale ranges from 0dB to 130 dB.
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2.2.3 The outer ear

The outer ear is made up of the pinna also referred to as the auricle and the ear

canal. The outer ear is made of cartilage and acts as a sound reflector. Sound waves

below 1 KHz are not affected by the pinna. However, the effect of the pinna becomes

significant at those speech frequencies which occur between 2 - 3 KHz[22]. At the

speech frequencies, the sound pressure is boosted significantly. The pinna has a

behaviour similar to the reflecting dish and directs sound towards the ear canal. Both

the reflected signal and direct signal enter the ear canal in phase. There is a slight

delay in the entry of the reflected wave at higher frequencies resulting in destructive

interference. When the entire path length is a half wavelength then the greatest

interference occurs. Effects of boosting are noticeable above 1 KHz since the size of

the pinna becomes significant when the wavelength approaches four times the size

of the pinna. The outer ear influences the spectral shaping of sound. Every human

being has a unique ear pinna and canal, which implies the sound pressure at each

individual’s ear drum varies in the way it is distributed in the frequency domain.

Sound spectral and shaping to the ear is therefore affected by the whole outer ear.

The ear canal extends from the concha (the bowl) to the ear drum. It has a behaviour

similar to a quarter-wave resonator and hence amplifies the resonance frequencies.

The ear canal’s length determines the resonance frequencies position. The average

size of a human canal is 26 mm in length and 7 mm in diameter. The ear canal

connects or terminates at the ear drum. The Pinna’s size and shape together with

the curvature of the ear canal have an effect on the pressure frequency response at

the tympanic membrane [23].

2.2.4 The ear drum

The ear drum is known as the tympanic membrane, tympanum or myrinx. It

transmits incoming sound from the ear canal to the ossicles. The malleus bone is

between the tympanic membrane. The ear drum is concave shaped and terminates

the ear canal at approximately a 40 degree slanted angle. The ear drum is a thin

robust layer consisting of the outer cutaneous layer, fibrous layer (lamina propria)

and the inner layer (Serous membrane). Rupture of the ear drum may result in

conductive hearing loss [24].

Transmission of sound at high pressure level to the ossicles can be influenced by the

middle ear muscles, the tensor tympani and the stapedius. The tympanic membrane
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tenses when the malleus pulls inward due to the tensor tympani contractions. The

intensity of sound reaching the cochlea is reduced by the footplate of the oval

window pulling outward due to the contractions of the stapedius. For high intensity

sounds applied to the left or the right ear, the stapidius responds reflexly with fast

contractions. The effect is observed from 90 to 95 dB for a sinusoidal input [24].

2.2.5 Middle ear

The middle ear is constrained by the tympanic membrane and the oval window of

the cochlea. It consists of three small bones, namely; the malleus, the incus and the

stapes. The role of these bones is to couple the vibrations of the tympanic membrane

into waves of the inner ear fluid membrane. The cavity in the middle ear is filled

with air and it is also known as Cavum tympani or tympanic cavity. The stapes is

attached to the ear drum and to the incus while the stapes is connected to the inner

ear. The tympanic membrane experiences a small pressure by a sound wave. This

pressure is boosted by a factor of thirty by the three bones prior to being passed on

to the oval window. This boost is brought about by the difference in the area of the

ear drum, oval window and the level action of the ossciles [25].

When the ear drum vibrates, it sets the malleus into vibration which inturn vibrates

in sync with the sound. The vibrations are then transferred to the incus. The stapes

together with the plate at its tip that lies on the oval window also begin to vibrate.

This vibration initiates pressure waves in the cochlear fluid [25].

2.2.6 Inner ear

The inner ear is made up of a cochlea which has approximately 8000 hair cells with

ostereocilia. When elongated, the cochlea is 30mm long with 0.2 ml cochlea fluid.

The fluid’s motion in the cochlea is converted to electrical energy. The cochlea has

three parallel canals namely: scala vestibuli, tympani and media. The scala vestibuli

is seperated from the cochlear duct by the vestibular (Reissner’s membrane). The

basilar membrane separates the cochlear duct from the scala tympani. Corti is

found in the cochlear duct on the basilar membrane while the tectorial membrane

is attached to the roof of organ of corti. The mechanical sound vibrations in the

organ of corti are converted into nerve impulses by the hair cells. For a given

tonal stimuli, the outer cells respond by contracting rhythmically. The mechanical

resonance and the location of an outer hair cell on the basilar membrane determines
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its response. Inner hair cells have approximately the same length. Enhanced and

modified mechano-electrical discriminatory responses of the inner hair cells are due

to the outer hair cells. The total number of outer hair cells is approximately 12,000

and inner hair cells is 3500 [26].

The inner ear functioning is observed when the stapes vibrate and send waves of

fluids into scala vestibuli. The waves move through to the apex of the cochlea to the

scala tympani and eventually to the round window. The waves are then transmitted

through the vestibular membrane to the scala media where travelling waves are

generated along the basilar membrane. There is a variation in width, tension and

frequency response of the basilar membrane from base to apex. High frequencies

affect the oval window while low frequencies resonate with the Helicotrema. The

hair cell receptors are stimulated by the displacement of the basilar membrane. The

ion channels are opened due to the bending of the stereocilia as they vibrate. A

potential is generated within the hair cell. When the hair cells are activated, a neuro

transmitter to synaptic is released. The generated neural spike propagates to the

auditory cortex causing any individual to interpret and recognize sound [27].

2.2.7 Types of hearing losses

There are three types of hearing losses namely sensorineural (auditory and sensory)

conductive and mixed hearing losses. The outer and the middle ear are typically

affected by conductive hearing losses. Surgical techniques or medication can correct

this type of hearing loss [28]. Sensorineural hearing loss has an effect on the inner ear

(sensory) that links the inner ear to the source of the nerve in the brain. Conductive

and sensorineural hearing loss may happen simultaneously thus affecting the outer,

middle and inner ear. Such a loss is called mixed hearing loss [10].

2.2.8 Hearing loss mechanism

Intensity and the period of exposure to loud noise determines whether Temporal

Threshold Shift (TTS) or Permanent Threshold Shift (PTS) which is irreversible will

occur. Over time, continuous exposure to immoderate noise may result in damaged

transmission of sounds to the brain for low and high frequencies. An increase in

intensity and duration of exposure of noise results in irreversible damage of the

sensory organ. When the blood flow into the cochlear ceases or decreases, the hair

cells are affected and end up fusing into a massive cilia or disappearing. Noise
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therefore acts as an agent in accelerating disintegration of the supporting structure

for the hair cells [12].

In this research, the hearing loss is based on a group of people working under similar

mining conditions. This implies that they are exposed to the same noise intensity

and at the same frequency. Their ethnicity, social economic background and previous

exposure to ONIHL is not considered.

2.2.9 Audiometric characteristics of ONIHL

Occupational noise exposure affects the inner hair cells associated with discrimination

of speech and perception of frequencies. A sharp depression (V shape or a notch)

shows at high frequencies (3 kHz and 6 kHz). On the other hand, lower frequencies

(0.5 kHz to 2 kHz) remains normal. With an increase in hearing loss at higher

frequency, there is also a deterioration of hearing loss at lower frequencies. It takes

a longer time for the lower frequencies to be affected; however, there is a gradual

flattening out after long period of exposure [29].

2.3 Modelling the ear

Ear models of ONIHL can either be probabilistic, demonstrating how fatigue occurs

to the inner and outer hair cells resulting in their ultimate damage, or they may be

time based models showing the damage of the cochlear as a result of exposure to

occupational noise. In this literature review, a summary of both models is given.

However, the research will focus in dealing with cohorts of mine workers exposed

to the same noise intensity and at the same frequency. Individual ears will not be

considered, but it is imperative to understand how the loss occurs in one person

before grouping all the individuals.

2.3.1 Probabilistic models

Equal Velocity Level (EVL) and Complex Velocity Level (CVL)

To discuss Noise Induced Hearing Loss ONIHL model from a probabilistic view point,

ONIHL can be subdivided into acoustic trauma and Gradually Developing Hearing

Loss (GDHL). Acoustic trauma happens quickly resulting in an immediate and
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permanent hearing loss. GDHL hearing loss develops over time and can be caused by

occupational noise exposure. Various regulations and standards have been developed

over years for example; ISO 1999:2013, CHABA, MIL STD -1474D, NOISH98, ANSI

- S3.44 - 1996. These standards are either derived empirically or using waveforms.

These noise metrics estimate acoustic energy and also characterize the noise exposure.

However, they are limited in their ability to give physical insight into the processes

that result in ONIHL [30]. Price [14] developed a highly accurate model suitable for

investigating mechanical damage caused by impulse noise in human beings. This

model however, is unable to estimate GDHL produced by occupational noise. Song

[31] applied an analog based model to predict ONIHL in the human auditory system.

There was lack of consistency of the results produced with Chinchilla data. Numerous

functional and analog models for the auditory system have been produced [14]. In

functional auditory models, three families of auditory filters have been developed

so far, namely: the rounded exponential, the gammatone and the filter cascades

[14]. The Basilar Membrane (BM) repeatedly flexes under noise exposure therefore

it is assumed that ONIHL is caused by auditory fatigue. The intensity, frequency,

duration, recovery interval of the noise and auditory systems own fatigue frequency

influence auditory fatigue [14].

Figure 2.2: Modelling the auditory system [14].

The external and middle ear collect sound energy and transmit it into the inner ear.

The middle ear behaves like an impedance matching device by transmitting cochlea,

acoustic power from the stimulus [14].



Chapter 2 — Literature review 18

2.3.2 Dynamic ear models

Electrical circuits model

This model is usually designed as mechano-acoustical circuits. Three types of idealized

circuit elements namely point mass, ideal spring and damper are used to represent

the behaviour of the anatomical structure [32]. This model may also be categorized

under the lumped parameter model which has a merit of being able to replicate

specified experimental data [32]. However, this model’s parameters are not closely

linked to the physiological or anatomical data independently of the behaviour being

modelled [32].

Lumped and distributed (non lumped parameter) models

The non-lumped parameter models are made up of a plane distributed representation

of the ear drum coupled to the middle ear’s linear lumped model. Other non-lumped

parameter models consist of a representation of the ear mechanics using an asymptotic

method for a formulation of an approximation of analytical models [33]. The merit

of this modelling approach is that it leads to models that are easier to compute than

finite element models. However, their whole derivations rely on each assumption

made and estimations done in the course of the analysis hence making it difficult to

model the complexities of realistic geometries [32].

Finite element model

Finite element models divides the structure under investigation into elements with

finite size, allowing for detailed examination of mechanical performance of complex

structures. The elements may have mixed shapes and forms such as triangles and

beams. Mesh generation is a terminology used when dividing a region into elements.

After the structure of interest is divided into simple elements, the mechanical beha-

viour of each element is then analysed and its response to specific applied loads is

expressed in terms of the displacement of its edges. The mechanical response of each

element is analysed based on the Ritz-Rayleigh procedure [32]. The finite element

model is used in modelling complex biological systems with elaborate geometry ultra-

structural behavior with non-homogeneous, anisotropic materials. This modelling

technique can also provide insight into vibration shapes, stress distributions and

dynamic behavior at any point in a system which is not possible with analytical
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solutions. This method is hence suitable for modelling detailed and accurate human

auditory system. It is typically used to investigate sound transmission, conduct ear

assessment or assist in disease diagnostic and treatments of hearing losses [16].

2.3.3 Outer, middle and inner ear dynamic models

Outer ear model

Research has been carried out over several decades to investigate the overall effect

of sound transmission to the tympanic membrane through the ear canal. When

investigated at low frequencies, the ear canal exhibits the behaviour of a simple rigid

wall which can be represented in circuits by a single capacitor [15], [34]. At high

frequency, the ear canals length becomes comparable to the wavelength as standing

waves patterns form. The ear canal may also be modelled as a combination of a

single mass-spring system [35]. Analytically, the ear canal can be modelled as a

homogeneous transmission line [36]. The non-homogeneous effect of the transverse

canal can be modelled using a one dimensional modified horn equation [37]. Hiipakka

et al [38] models reports that an ear canal may also be modelled as a lossless

acoustic transmission line with a sound source whose pressure is external with

internal acoustic impedance. Giguare [39]models the auditory canal as approximately

cylindrical resonator and for frequencies up to the normal mode as it is assumed that

the concha is a uniform transmission line. This model, however does not put into

consideration the variation of the radius of the auditory canal along its length [17].

Middle ear

Feng et al [40] presents a middle ear simulator used mainly to provide quantitative

information to be used in the physical model construction (mainly middle ear) for

sound transmission. This model was developed to address the short coming of

most physical middle ear models documented in literature that are short of robust

theoretical basis and correlations with the geometry of the real ear. Daniel et al

[32], developed a three dimensional finite element model of the human ear drum and

middle ear. The phase-shift Moire shape measurements was used to precisely define

the shape of the ear drum. The geometry of the middle ear was from histological

serial sections and high resolution human ear magnetic resonance microscopy. This

model allows for a better comprehension of the human middle ear mechanics. It may
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also be used in design of ossicular protheses and can simulate different pathological

conditions [41].

Inner ear model

There have been several model developments of the cochlea to aid in investigating

the aspects of the hearing functions that are complex to study in vivo because of the

cochlea’s inaccessibility. Some of the lumped parameter models of the organ of Corti

include an active nonlinear physiologically based cochlear model by [42]. The three

dimensional model presented incooperates the viscous fluid effects with an organ of

Corti that has a nonlinear active feed forward mechanism. Ramamoorty et al [43]

designed a three dimensional finite element cochlea model consisting of electrical,

acoustic and mechanical elements. Zhang et al [44] developed a finite element model

of the human ear and used it to research the purpose of the middle ear and the

cochlea with respect to the ear structure. Research carried out by Elliot et al [45]

illustrates the use of the wave finite element method in decomposing the results of

a finite element calculation in terms of components. This permits the application

of the wave approach using complex numerical methods. Analytical models with

an in-depth of the cochlea hydrodynamics have also been provided [46]. There has

been a tremendous change and improvement to the physical models built from [47],

Tonndorf in 1959 to [48] MEMs based organ of Corti or parts of organ of Corti.

Modern advanced technology in measurement systems technology has resulted in

micro-mechanical models thus providing evidence that the cochlea is nonlinear and

active [49].

2.3.4 Integrated models of the auditory system

Integrated models of the human auditory system, though currently very few, have

been designed mainly to understand the mechanism of sound transmission, evaluate

hearing loss and simulate pathological conditions [15]. A one dimensional vibration

network model was developed to predict empirical data measured on human temporal

bone [50]. A three dimensional model of the human ear which included both the

internal and the external ear was presented by Gan et al [44] used to predict the

impacts of the ear drum thickness and stiffness. The results showed that peak

responses of both tympanic membranes and the stapes footplate occurred between

3000Hz and 4000Hz. Gan et al [44] further modified this model to include coupled

structural acoustic interfaces analysis from the outer ear to the middle ear. Input
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sound pressure was applied at different frequencies and the pressure distribution in the

canal and the middle ear was deduced. Gan et al [51], developed a complete human

auditory finite element model and used it to predict the effects of perforations of the

tympanic membrane on sound transmission via the middle ear. The finite element

model developed gives sufficient predictions on impacts of perforation location and

size on the middle ear transfer function. Gan et al [52] made progress towards

developing an entire model for the human ear to be used for acoustic-mechanical

analysis. The basilar membrane motion frequency sensitivity and the pressure

induced by sound pressure from the intra cochlear ear canal was predicted. Kim et

al [53] developed a three dimensional finite element model of the human middle and

inner ear to be used in gaining insight into the basics mechanism of bone conduction

and hearing. Gan et al [54] developed a three dimensional finite element model for

sound transmission simulation through the human outer, middle and inner ear. A

feed forward mechanism that is active was added to the passive cochlear model to

demonstrate the dynamics of the outer hair cells. A finite element model of the human

ear consisting of the ear canal, middle ear and a spiral cochlea was developed. The

novelty of this model lies in its ability to be used as a computational visualization tool.

In 2014, Zhang et el [55] further developed a finite element modelling of abnormal and

normal ear energy absorbance. The work presented was a first attempt to simulate

the clinical audiology tests using a finite element mode. The results presented were

essential in gaining insight about the relationship between the middle ear structure

and energy transmission. Other novel models that have been presented are found in

[56],[57],[58],[59].

2.3.5 Energy based models

Lagragian model

A refined time averaged lagrangian cochlear model is developed by Yoon et al [60].

This model use a push pull mechanism in the organ of corti. This models uses the

time averaged Langragian for the conservative system to resolve the phase excursion

issues. Using the micromechanical model developed by Hernandez, [61] presents a

new solution to it using Lagranges equations. The main advantage of this new model

is that it allows for a mathematical model for the displacement on the outer hair

cells found in the organ of corti. The comprehensive Lagrangian model of the middle

ear proposed in [62] is to be used in the design of audiometers.
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Motivation for the Port Hamiltonian Approach

The Port-Hamiltonian description allows for a more systematic framework for ana-

lysing, controlling and simulating intricate physical systems for both distributed

parameter and lumped parameter models. The Hamiltonian equations of motions

have their foundation in analytical mechanics and Euler Lagrange equations. Hamilto-

nian dynamics are defined by the Dirac structures and the Hamiltonian is termed

as the total stored energy. Port Hamiltonian systems can therefore be defined as

open dynamical systems which interact with their environment through ports [63].

The Port-Hamiltonian method can be used to model complex and atomically based

interconnected systems for instance inertias, springs and dampers [63]. A Port-

Hamiltonian model of a vocal fold fluid structure interaction was reported by Mora et

al [64]. The focus of the research carried out by Mora et al [64] was to understand the

energy transfer between the moving fluid and the mechanical structure. Vocal fields

can be categorized under mechanical structure which can easily be modelled as a

spring-damper system. Approximation of the collision forces of the vocal folds assists

in the diagnosis of phono traumatic voice pathologies. In summary, the research

was about the interacting forces and the energy flux in the model. Angerer et al

[65] proposed a passivity based control approach in Port-Hamiltonian framework for

the cooperative manipulation system guided by the human being. Seslija [66] used

a Port-Hamiltonian based model for reaction diffusion systems. A clear geometric

interpretation formalized by a stokes Dirac structure allows for the dissipative systems

to be treated as interconnected.

A Port-Hamiltonian modelling for a soft finger manipulation is presented by Ficuciello

[67]. In this system, the algebraic constraints of the interconnected system are

represented by a Dirac structure. The idea of energy flow and power preservation

through interconnected systems is used. Other biomedical system developed using

the Port Hamiltonian technique can be found in [68]. From the literature review

it is quite evident that P-H models can be applied to biomedical systems. Impact

of noise on an individual that results to noise induced hearing loss is characterized

mainly by energy intensity, frequency level and exposure time. The Port-Hamiltonian

method allows for interconnected systems to be modelled in terms of energy in a

mathematically correct way. This facilitates for the development of an alternative

efficient, less complicated and more accurate model to be used in the assessment

of noise induced hearing loss in the human ear. One of the main contributions in

this research is the development of an integrated comprehensive dynamic model of

the human outer, middle and inner ear using the Port-Hamiltonian method. From

the literature survey, to the best of the researchers knowledge, there is currently no
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integrated Port-Hamiltonian model of the human outer, middle and inner ear for

assessment of different pathological conditions which includes, ONIHL.

Extended literature review

To improve on readability and easy flow of this document, further literature review

is found in the relevant sections and subsections as indicated below.

• Motivation for the Port Hamiltonian model is in section 2.3.5

• Port Hamiltonian modelling approach literature review is in section 4.2 presen-

ted as the mathematical preliminaries and Appendix B

• Noise policy management model is in section 5.2

2.3.6 Conclusion

In order for a proper diagnosis and assessment of the human outer, middle and inner

ear to be done accurately and efficiently, there is a need for a suitable model to be

developed. Several segmented dynamic models that target other particular conditions

rather than ONIHL have been developed. ONIHL continues to be one of the critical

challenges that adversely affects people exposed to loud continuous noise at work, for

example mine workers. Port-Hamiltonian model of the ear can be used in assessment

and diagnosis of ONIHL among mine workers.
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Chapter 3

Research methodology

3.1 Research methodology

3.2 Chapter overview

This chapter shows the steps followed in answering the research question. These

includes the development of a Port-Hamiltonian model of the human outer, middle

and inner ear. The applications of the developed model is shown by applying it to a

unique feedback noise policy management model for mine workers. Data collection

and ethical clearance issues are also discussed in this chapter.

3.2.1 Research Approach

The objective of the research is to develop a unique Port-Hamiltonian model of the

outer, middle and inner ear then use it in a feedback model that is used to monitor

mine workers in the mine with given noise policies. Quantitative data obtained

from existing literature is used to validate both the developed ear model and the

noise policy management model. Qualitative data from the literature is also used to

discuss, analyse and explain the results.

3.2.2 Data collection

The data used to answer the research question was obtained from journal papers

with particular emphasis on the paper titled, Rock drills used in south African mines:
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a comparative study of noise and vibration levels , ISO:1999 standard [69], mining

machinery in South Africa specification sheet and books. Both the literature review

and analysis were carried out to extract important information. The parameters

used for the ear were also obtained from existing literature. Simulations were carried

out using Matlab with the signals and system processing tool box.

3.2.3 Explanation of how the methodology answers the research

question

Figures 3.1 , 3.2 and 3.3 shows the overall ONIHL dynamic ear modeling and the

noise policy management model.

To understand the mechanism of hearing and the process that results in ONIHL, a

dynamic ear model is developed. ONIHL is characterized by the amount of energy in

decibels, frequency and time of exposure. There are very few numerical, analytical

and energy based models in the literature that focus on hearing loss due to ONIHL.

There is therefore a need to employ an energy based method that can model complex

and interconnected systems. A comprehensive integrated Port-Hamiltonian model

incorporating energy and momentum is used to model the outer, middle and inner

ear. The noise policy management model is used to address the limitations of the

existing models that do not include the mining policies.

3.2.4 Ethical clearance

Historical data from mines that has been published in books, journal papers or

conference papers is used to verify the built models. All sources of data used for

this research are acknowledged. The ISO: 1999 standard was purchased and is used

as a source of historical data as well. The other main source of historical data is a

journal paper titled:”Rock drills used in South African mines: a comparative study

of noise and vibration levels” [70] . The ISO: 1999 standard [69] provides statistical

information of behaviour of groups of individual and not for single individuals. Whilst

the rock drills papers provide machinery used and the operating conditions, extra

information used was obtained using data sheets for machinery used in the South

African mine. Specifications for this machinery was obtained directly from the

supplying companies. This research will not involve the use of data from individual

miners. The information to be used for validation will be the noise intensity and

frequency of exposures for different cohorts at the mine. Therefore, there is no
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Figure 3.1: Methodology for the design of the feedback based model

need for permission from any mine to use their data. The information used has

already been published and is in the public domain. Obtaining information from the

mine is not part of this research project. This research work has a medical ethical

clearance certificate that allows for the research of the findings to be published.

These documents are in Appendix A.
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Figure 3.2: Ear modelling methodology

3.2.5 Conclusion

Research methodology has been presented to show how the research questions will

be answered. The Research approach, data collection process and ethical clearance

are all aspects of the methodology that have been discussed.
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Figure 3.3: Noise management policy model
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Chapter 4

Dynamic ear model

4.1 Chapter overview

This chapter presents the development of the Port-Hamiltonian model of the outer,

middle and inner ear. The mathematical preliminaries of the Port-Hamiltonian

method used to model the outer, middle and inner ear is presented. The Port-

Hamiltonian models of the respective segments (outer, middle and inner ear) are

provided, as well as the integrated coupled model of the human ear. The parameters

used and assumptions made to simplify the complexity of the system are also given

in detail. The developed model is validated using parameters and data from existing

literature. The results and discussion for each segment is provided in the relevant

sections. This section also includes model discretization and coupling. The results of

the integrated model are also provided.

4.2 Mathematical preliminaries of the Port Hamiltonian

model of the human ear

In this section, the mathematical preliminaries of the Port Hamiltonian model

necessary to model the ear is given. From the point of view of Port-Hamiltonian

systems, the ear model is a mixed-port Hamiltonian system.

Definition 1. [71, 72] The ith bond space, Bi, is defined as the product of the efforts

F i and flows E i

Bi = F i × E i (4.1)
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where

F i = F ih ×F ir ×F iI ×F i∂ (4.2)

E i = E ih × E ir × E iI × E i∂ (4.3)

The subscripts on the flow and effort variables are defined as follows: h =Hamiltonian,

r =dissipative/resistive, I =distributed input and ∂ =boundary. The flows and efforts

belong to the following spaces

F ih = L2(a, b)n
i
, E ih = L2(a, b)n

i
, F ir = L2(a, b)m

i
1 , E ir = L2(a, b)m

i
1 , (4.4)

F∂ = Rr
i
, E∂ = Rri (4.5)

on the interval z ∈ [a, b], where the parameters ni > 0, mi
1 ≥ 0, mi

2 ≥ 0 and ri > 0.

Definition 2. [71, 72] The formally skew-symmetric operator, J ih,r, is expressed as

J ih,r =

[
J i GiR

−G∗iR 0

]
=
∑
∀ki

P̃ki∂
ki

z =
∑
∀ki

[
Pki Gki

(−1)k
i+1GT

ki
0

]
∂k

i

z (4.6)

where i = 1, 2, . . . , N and ki = 0, 1, . . . , N i, the matrices Pki ∈ Rni×ni
and Gki ∈

Rni×mi
1 are real. The operators J i, GiR, G∗iR and GI are also formally skew-symmetric

and are defined as

J i =
∑
∀ki

Pki∂
ki

z

GiR =
∑
∀ki

Gki∂
ki

z

G∗iR =
∑
∀k

(−1)k
i
GTki∂

ki

z

GI ∈ L(L2(a, b)m
i
2 , L2(a, b)n

i
) (4.7)

where ∂k
i

z = ∂k
i
/∂k

i

z is the (ki)th order partial derivative with respect to z ∈ (a, b).

The skew-symmetric property, that is, J i = −J ∗i, GiR = −G∗iR and GiI = −G∗iI is due

to the property

Pki = (−1)k
i+1P Tki (4.8)

P̃ki = (−1)k
i+1P̃ Tki (4.9)

Gki = (−1)k
i+1GTki (4.10)

Definition 3. [71, 72] The formally skew-symmetric operator, Jh,r,I is expressed as

J ih,r,I =


J i GiR GiI

−G∗iR 0 0

−G∗iI 0 0

 =


P i0 Gi0 GiI

−GT i0 0 0

−G∗iI 0 0

+
N i∑
ki=1

P̃ki∂
ki

z (4.11)

where P̃ki is defined in equation 4.9.
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Theorem 4.2.1. [71, 72] For any two functions ei1 = [eih,1, e
i
r,1]T and ei2 = [eih,2, e

i
r,2]T

of the N i order Sobolev space HN i
(a, b)n

i+mi
1 and the operator, J ie in equation 4.6,∫ b

a (J ih,rei1)T (z) dz +
∫ b
a (J ih,rei1)T (z) dz

=


(
ei1(z) ∂ze

i
1(z) · · · ∂N

i−1
z ei1(z)

)
Qi


ei2(z)

∂ze
i
2(z)
...

∂N
i−1

z ei2(z)




b

a

(4.12)

where the symmetric non-singular matrix, QN
i(ni+mi

1)×N i(ni+mi
1) is expressed as:

Qi =



P̃ i1 P̃ i2 · · · P̃ i
N i−1

P̃ i
N i

−P̃ i2 −P̃ i3 · · · −P̃ i
N i 0

P̃ i3 P̃ i4 · · · 0 0
...

...
...

...

( − 1)N
i−1P̃ i

N i 0 · · · 0 0


(4.13)

where P̃ i
N i is given in equation 4.9.

Definition 4. [71, 72] The boundary trace map, τ : HN i
(a, b;Rni

) → R2niN i
is

given by

τ(ei) =



ei(b)

∂ze
i(b)
...

∂N
i−1

z ei(b)

ei(a)

∂ze
i(a)
...

∂N
i−1

z ei(a)


(4.14)

where HN i
(a, b;Rni

) is an N i order Sobolev space.

Theorem 4.2.2. [71, 72] Given any two functions ei1 = [eih,1, e
i
r,1, e

i
I,1]T and ei2 =

[eih,2, e
i
r,2, e

i
I,2]T , that are elements of the N i order Sobolev space HN i

(a, b)n
i+mi

1+mi
2

and the operator, J ih,r,I in equation 4.7 then∫ b
a (J ih,r,Iei1)T (z) dz +

∫ b
a (J ih,r,Iei1)T (z) dz

=

〈[
M i
Q 0

0 M i
Q

]
τ

([
eih,1

eir,1

])
,

[
Q̃i 0

0 −Q̃i

][
M i
Q 0

0 M i
Q

]
τ

([
eih,1

eir,1

])〉
R2r

(4.15)

where Q̃ = MTQM and MQ = (MTM)−1MT (the index i has been dropped for

simplicity). The columns of the matrix M ∈ RN i(ni+mi
1)×ri are spanned by the range

of Q.
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Definition 5. The boundary port is given by the vector

[
f∂,ei

e∂,ei

]
is expressed as

[
f∂,ei

e∂,ei

]
= Riext

[
M i
Q 0

0 M i
Q

]
τ
(
ei
)

=
1√
2

[
Qi −Qi

I I

][
M i
Q 0

0 M i
Q

]
τ
(
ei
)

(4.16)

where the vectors f∂,ei ∈ Rr and e∂,ei ∈ Rr and the matrix Rext ∈ R2r×2r are real.

Theorem 4.2.3. [71, 72] A Dirac structure, DiJe, (in relation to the symmetric

pairing given by equation 4.12) is a subspace of the bond space Bi given by the set

DiJe =




f i

f i∂

ei

ei∂

 ∈ Bi

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

J ieei = f i,

f i =


f ih

f ir

f iI

 , ei =


eih

eir

eiI

 ,
[
f∂,ei

e∂,ei

]
|D(J i

e )

= Riext

[
M i
Q 0

0 M i
Q

]
τ

([
eih

eir

])
,

ei ∈ H(J ie, (a, b))
ni+mi

1+mi
2



(4.17)

where

D(J ie ) =


HN i

(a, b, Rn
i
)

HN i
(a, b, Rm

i
1)

HN i
(a, b, Rm

i
2)

 (4.18)

Theorem 4.2.4. [71, 72] A Dirac structure, DJ̃ẽ, (in relation to the canonical

symmetric pairing given by equation 4.12), is a subspace of the N−dimensional bond

space B̃ , B1 × B2 × · · · × BN given by the set

DJ̃ẽ =




f̃

f̃∂

ẽ

ẽ∂

 ∈ B̃

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

J̃eẽ = f̃ ,

f̃ =


f1

f2

...

fN

 , ẽ =


e1

e2

...

eN

 ,
[
f̃∂,ẽ

ẽ∂,ẽ

]
|D(J̃e)

= R̃ext

[
MQ 0

0 MQ

]
τ (ẽ) ,

ẽ ∈ H(J̃e, (a, b))
∑
∀i(n

i+mi
1+mi

2), i = 1, 2, . . . , N



(4.19)
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4.3 System modelling

Modelling parameters and assumptions taken while developing the Port Hamiltonian

model of the human ear are provided in the subsections that follow.

4.3.1 Modelling Parameters

Table 4.1: Air at 20◦ Celcius, [73]

Parameter Symbol Value

Density ρa 1.204× 10−3g/cm3

Speed of sound ca 3.43× 104cm/s

kinematic viscosity νa 0.1516cm2/s

Table 4.2: Tympanic Membrane [74, 75]

Parameter Symbol Value

Density ρTM 1.2g/cm3

Young’s Modulus EITM 3.5× 108cm/s

Damping βTM 1.2× 10−5s−1

Table 4.3: Middle ear parameters [76]

Parameter Symbol Value

Mass of the Malleus M3 4.00× 10−3g

Mass of the Incus M4 4.00× 10−3g

Mass of the Stapes M5 1.78× 10−3g

Spring stiffnesses K3 9.474× 106g/s2

K5 1.000017× 109g/s2

K6 1.67× 105g/s2

Coefficient of damping B3 1.74× 103g/s

B4 1.22× 102g/s

B5 2.16× 101g/s

B6 3.6× 10−1g/s

B7 2.0× 101g/s



Chapter 4 — Dynamic ear model 34

Table 4.4: Basilar Membrane [74, 75]

Parameter Symbol Value

Density ρBM 1.2g/cm3

Young’s Modulus (base to middle) EIBM [50× 1011, 15× 1011]g · cm/s2

Young’s Modulus (middle to apex) EIBM [15× 1011, 3× 1011]g · cm/s2

Damping (base to apex) βBM [0.2× 10−3, 0.1× 10−2]g · cm/s2

Table 4.5: Scala Vestibula Fluid (Water at 20◦ Celcius)[74, 75]

Parameter Symbol Value

Density ρSV 9.982× 10−1g/cm3

Speed of sound cSV 1.45× 105cm/s

Kinematic viscosity νSV 1.003× 10−5cm2/s

Table 4.6: Scala Tympani Fluid (Water at 20◦ Celcius)[74, 75]

Parameter Symbol Value

Density ρST 9.982× 10−1g/cm3

Speed of sound cST 1.45× 105cm/s

Kinematic viscosity νST 1.003× 10−5cm2/s

Table 4.7: Outer Hair Cells[77, 78]

Parameter Symbol Value

Peak to peak electromotile deflection αs 1× 10−6cm

Reference electromotile voltage αl 2× 10−6V

Cut-off frequency ωohc 2π × 103rad/s

Resting potential of Periylymph ψ5d0 −7× 10−2V

4.3.2 Modelling assumptions

The assumptions taken during modelling are stated in this section and repeated in

the relevant sections for reference purposes

1. Assumptions Ear canal:

• The ear canal is modelled as a straight rectangular passage (the ear canal

is curved).

• The effect of the Pinna is ignored.

• The effect of the convective term in the fluid motion is very small and

thus is ignored.
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• The model is concerned with changes about the resting state (equilibrium).

• The fluid is viscous.

• An isentropic fluid assumption is taken so that the navier-stokes equations

are given in the velocity-pressure form.

2. Assumptions Tympanic membrane:

• The tympanic membrane lies perpendicular to the flow of air in the ear

canal (typically lies at an angle to the flow).

• The tympanic membrane is assumed to deflect only in one direction (such

that each cross-section remains perpendicular to its equilibrium position),

that is, the Euler Bernoulli assumption. The angular motion about and

in-line along the equilibrium are assumed to be negligible [79].

• The motion at the boundary between the air in the ear canal and the

tympanic membrane is assumed to be very small so that the boundary is

not time varying.

• The malleus is attached rigidly at the centre of the tympanic membrane.

3. Assumptions Middle Ear:

• The middle ear bones are assumed to be rigid and thus are modelled as a

mass spring damper system [74, 75].

• The stapes rotational motion is very small and can be approximated as

linear [74, 75].

• The stapes is in direct contact with the fluid in the scala vestibula [74, 75].

• The round window is in direct contact with the fluid in the scala tympani

[74, 75].

4. Assumptions Scala Vestibula and Scala Tympani:

• The Scala Vestibula and Scala Tympani are modelled as rectangular

chambers [80],[81],[82],[83].

• The effect of the convective term in the fluid motion is very small and

thus is ignored [84] .

• The model is concerned with changes about the resting state (equilibrium).

• The fluid is viscous.

• An isentropic fluid assumption is taken so that the navier-stokes equations

are given in the velocity-pressure form.
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• There is exchange of fluid between the scala vestibula and scala tympani

at the helicotrema.

5. Assumptions Cochlear partition:

• The membranes in the cochlear partition are assumed to deflect only

in one direction (such that each cross-section remains perpendicular to

its equilibrium position), that is, the Euler Bernoulli assumption. The

angular motion about and in-line along the equilibrium are assumed to

be negligible [79],[85].

• The motion at the boundary between the fluid in the scala vestibula and

scala tympani partition and the membranes in the cochlear partition is

assumed to be very small so that the boundary is not time varying.

• The tectorial membrane and the basilar membrane are interconnected by

a distributed spring.

6. Assumptions Outer Hair Cells:

• The Outer Hair Cells can be modelled as an simplified equivalent circuit

model [77, 78].

• All boundaries remain constant, that is they do not vary with time. Any

displacements at the boundaries of different media are very small and considered

negligible.

4.3.3 Outer ear modelling

Figure 4.1: Outer ear model
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Ear canal

Air in the ear canal is modelled as a non-viscous fluid that obeys the Navier-Stokes

(N.S.) equations in which the fluid pressure, P = P (ρ) depends only on the density,

ρ, of the fluid (a barometric fluid), under constant entropy (isentropic) conditions.

The N.S. equations are expressed as follows:

P = P (ρ)

∂tρ = −∇ · (ρv)

ρ∂tv = −ρ (v · ∇)v −∇P (4.20)

where v =
[
vx vy

]T
is the fluid velocity vector, vx and vy are the fluid velocities

along the x and y-axis directions, ∂t is the partial derivative with respect to time

and ∇ =
[
∂x ∂y

]T
is the vector gradient operator and ∂(·) is the partial derivative

with respect to the spatial coordinates.

Ω1 = {x ∈ [0, Lx1 ], y ∈ [0, Ly1 ]}

Assuming that the fluid is initially at rest and the sound pressure waves entering the

ear canal disturb the fluid slightly (resulting in small perturbations, in this case only

first and second order perturbations are considered). The perturbations are

ρ = ρa + ρb

P = Pa + Pb

v = va + vb (4.21)

where the subscripts a and b indicate whether the parameter is constant or time/spatially

varying, respectively. Since the fluid is initially at rest, va = 0. Under isentropic

conditions, speed of sound in air is related to the changes in the air pressure, density

as follows

C2
a =

(
∂P

∂ρ

)
s

(4.22)

The fluid pressure can now be written as P = Pa +C2
aρb. The N.S. equations can be

simplified by substituting equation 4.21 into 4.20

P = Pa + C2
aρb

ρb∂tvb = −ρb (vb · ∇)vb −∇P

∂tρb = −∇ · (ρbvb) (4.23)

It is more appropriate to write the N.S. equations in pressure-velocity form as opposed

to the density-velocity form given in equation 4.20, due to the interaction of the air

with the tympanic membrane
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Considering the interaction

κa = − 1

Vb

∂vb
∂Pb

= − 1

ρa

∂ρ

∂P
=

1

ρaC2
a

(4.24)

For small perturbations, (vb · ∇)vb ≈ 0 and is neglected. Finally, the N.S. equations

in pressure-velocity form are

ρa∂tva = −∇Pa

κa∂tPa = −∇ · va (4.25)

Equation 4.25 can now be converted to the Port-Hamiltonian form by defining the

state vector

x1 =
[
Πx1 Πy1 Ψ1

]T
(4.26)

where Πx1 = ρ1vx1 and Πy1 = ρ1vx1 are the fluid momentum along the x and y-axis

directions, respectively, Ψ1 = κ1P1 is the fluid ”stiffness” and the subscript, 1 is used

to identify the ear canal. The total energy, the Hamiltonian, H1 (x1), is

H1 (x1) =
1

2

∫∫
Ω1

xT1 L1x1 dΩ1 (4.27)

where

L1 =


1/ρ1 0 0

0 1/ρ1 0

0 0 1/κ1

 , dΩ1 = dx dy

in expanded form

H1 (x1) =
1

2

∫ Ly1

0

∫ Lx1

0

(
(Πx1)2

ρ1
+

(Πy1)2

ρ1
+

(Ψ1)2

κ1

)
dx dy (4.28)

The state equations of the fluid in the ear canal in PH-form are

∂tx1 =
(
J 1 − G1

RS1G∗1R
)

(δx1H1) (4.29)

where

J 1 =


0 0 −∂x
0 0 −∂y
−∂x −∂y 0

 , G1
R =

[
∂x ∂y 0

]
, G∗1R = −(G1

R)T ,

S1 =


0 0 0

0 0 0

0 0 0

 , e1
p = S1f1

p , (δx1H1) = L1x1 =


Πx1/ρ1

Πy1/ρ1

Ψx1/κ1

 (4.30)
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Tympanic membrane

The Tympanic membrane is modelled as an Euler-Bernoulli beam with viscous

damping B2 [79]

ρ2∂
2
t v2 = −∂2

y

(
EI2∂

2
yv2

)
−B2∂tv2 (4.31)

where the subscript 2 is used to identify the Tympanic membrane, v2 is the displace-

ment of the beam from the undisturbed position, ρ2 and EI2 are the density per

unit length and flexural rigidity, respectively. Defining the momentum and curvature,

Π2 = ρ2∂tv2 and Ψ2 = ∂2
yv2, respectively, the state vector of the P.H. model of the

Tympanic membrane, x2, is

x2 =
[
Π2 Ψ2

]T
(4.32)

Substituting these states into equation 4.31 and taking the time derivative of x2, the

following equations

∂tΠ2 = −∂2
yEI2Ψ2 −B2

Π2

ρ2

∂tΨ2 = ∂2
y

Π2

ρ2
(4.33)

are obtained, which can be derived from a Hamiltonian

H2 (x2) =
1

2

∫ b

a

(
(Π2)2

ρ2
+ EI2 (Ψ2)2

)
dy (4.34)

which can be written as

H2 (x2) =
1

2

∫ b

a
xT2 L2x2 dy (4.35)

where

L2 =

[
1/ρ2 0

0 EI2

]

The P.H. model of the Tympanic membrane takes the form

∂tx2 =
(
J 2 −G2

RS
2G∗2R

)
(δx2H2) +G2

Iu
2
I +G2u2

y2I = G∗2I (δx2H2)

y2 = G∗2 (δx2H2) (4.36)
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where

J 2 = P 2
0 + P 2

1 ∂y + P 2
2 ∂

2
y ,

P 2
0 =

[
0 0

0 0

]
, P 2

1 =

[
0 0

0 0

]
, P 2

2 =

[
0 −1

1 0

]
,

G2
R =

[
1 0

0 0

]
, G∗2R = −(G2

R)T , S2 =

[
−B2 0

0 0

]
, (4.37)

, G2
I =

[
1

0

]
, G2 =

[
1

0

]
, (δx2H2) = L2x2 =

[
Π2/ρ2

EI2Ψ2

]

The boundary ports are

[
f∂

e∂

]
=

1√
2

[
Q2 −Q2

I I

][
(δx2H2)(b)

(δx2H2)(a)

]
=

1√
2


EI2∂yΨ2(a)− EI2∂yΨ2(b)

Π2∂yρ2(b)−Π2∂yρ2(a)

Π2ρ2(a) + Π2ρ2(b)

EI2Ψ2(a) + EI2Ψ2(b)

 (4.38)

where

Q2 = P 2
2 (4.39)

The Dirac structure is given by:〈
e1,J e2

〉
L2,Ω

=

∫
Ω

(e1
2)TJ2e

2
2 dΩ

=

∫
Ω

[
e1

1 e1
2

] [ 0 −∂2
y

∂2
y 0

][
e2

1

e2
2

]
dΩ

=

∫
Ω
−e1

1∂
2
ye

2
2 + e1

2∂
2
ye

2
1 dΩ

=
[
−e1

1∂ye
2
2 + e1

2∂ye
2
1

]b
a

= −e1
1(b)∂ye

2
2(b) + e1

2(b)∂ye
2
1(b) + e1

1(a)∂ye
2
2(a)− e1

2(a)∂ye
2
1(a)

The Dirac structure is given by:〈
−J e1, e2

〉
L2,Ω

=

∫
Ω

(
−J2e

1
2

)T
e2

2 dΩ

=

∫
Ω

(
−

[
0 −∂2

y

∂2
y 0

][
e1

1

e1
2

])T [
e2

1

e2
2

]
dΩ

=
[
e2

1∂ye
1
2 − e2

2∂ye
1
1

]b
a

= e2
1(b)∂ye

1
2(b)− e2

2(b)∂ye
1
1(b)− e2

1(a)∂ye
1
2(a) + e2

2(a)∂ye
1
1(a)
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4.3.4 Outer ear results and discussion

Figure 4.2 shows the initial test that was performed on the tympanic membrane. An

initial condition (non-zero velocity at the centre of the tympanic membrane) resulted

in waves of vibration moving towards the boundaries of the Tympanic membrane as

shown in figure 4.2.

Figure 4.2: Tympanic Membrane

Frequency response of the outer ear

The Port Hamiltonian ear model developed was validated and verified by plotting

the transfer function. The magnitude versus frequency curve plotted is comparable

to Gan et al’s [40] result. Gan et al’s [40] result was obtained through a comparison

of responses of the middle ear system to harmonic pressure on the lateral side of

the tympanic membrane. A consistent pressure of 90dB SPL was exerted on the

lateral side of the tympanic membrane and the harmonic analysis was conducted

on the model over the frequency range of 200 to 8000 Hz using ANSYS. Figure 4.3

shows the Port Hamiltonian frequency response of the tympanic membrane. The

outer ear consists of the ear canal and the tympanic membrane which forms the

boarder between the outer and the inner ear. The human ear dynamic behaviour for
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Figure 4.3: Frequency response

sound transmission can be characterized using the ratio of the tympanic membrane

displacement to the ear canal sound pressure. This ratio is defined as the transfer

function for the middle ear at the tympanic membrane. The tympanic membrane is

considered as the input port to the middle ear. The graph in figure 4.3 starts at a

magnitude of 1× 10−7 and starts to roll off at 1 kHz.

4.3.5 Middle ear modelling

Figure 4.4: Lumped mass model of the middle ear [86]
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The middle ear is modelled as a system of coupled masses, springs and dampers as

shown in figure 4.4, [86]. The total energy of the system is given by the Hamiltonian

function, H3, which is the sum of the kinetic energy T3 and the potential energy U3

given by

H3 (x3) = T3 + U3 (4.40)

where

T3 =
1

2

(
π2

3a

M3a

+
π2

3c

M3c

+
π2

3d

M3d

)
U3 =

1

2

(
K3aψ

2
3a +K3b (Lψ3a − ψ3c)

2 +K3cψ
2
3c +K3dψ

2
3d

)
where the subscripts 3a, 3b, 3c and 3d represent the malleus, incus, stapes window

and round window, respectively. M(·) is the mass, π(·) is the translational momentum,

ψ(·) is the displacement, K(·) is the spring stiffness and G is the ratio of the moment

arm due to the Maleus-incus joint. The P.H. model of the middle ear is given by

∂tx3 = (J3 −R3) ∂x3H3 + G3u3

y3 = G∗3∂x3H3 (4.41)

where y3 is the output, the state vector is

x3 =
[
π3a ψ3a π3c ψ3c π3d ψ3d

]T
(4.42)

the skew-symmetric matrix J3 = −J T3 is

J3 =



0 −1 0 0 0 0

1 0 0 0 0 0

0 0 0 −1 0 0

0 0 1 0 0 0

0 0 0 0 0 −1

0 0 0 0 1 0


(4.43)

the symmetric dissipation matrix, R3 = RT3 , is

R3 =



B3a + L3B3bL3 0 −L3B3b 0 0 0

0 0 0 0 0 0

−L3B3b 0 B3a +B3c 0 0 0

0 0 0 0 0 0

0 0 0 0 B3d 0

0 0 0 0 0 0


(4.44)
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and the partial derivative of the Hamiltonian with respect to the states is

∂x3H3 =



π3a/M3a

K3aψ3a + L3K3b (L3ψ3a − ψ3c)

π3c/M3c

K3bψ3c −K3b (L3ψ3a − ψ3c)

π3d/M3d

K3dψ3d


(4.45)

and the control input allocation and control input matrix

G3 =



0 0 0

1 0 0

0 0 0

0 1 0

0 0 0

0 0 1


, G∗3 =


0 1 0 0 0 0

0 0 0 1 0 0

0 0 0 0 0 1

 , u3 =


u3a

u3c

u3d

 (4.46)

4.3.6 Middle ear results and discussion

Figure 4.5 shows the ossilation of the bones in the middle ear.

Figure 4.5: Middle ear time response
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Figure 4.6: Stapes magnitude verses frequency

Figure 4.7: Stapes phase verses frequency plots
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The mixed Port Hamiltonian system consists of a lumped parameter model of the

human middle ear and it is based on anatomical data that is published and temporal

bone experimental results. Table 4.2 and 4.3 provides a list of parameters used for

connections between the tympanic membrane, the three ossicles and the boundary

conditions. To verify and validate the middle ear, bode plots graph of the middle ear

were plotted and compared with Gan et al’s [40] results as shown in figure 4.6 and

4.7.

The graph starts with a magnitude of 0.023 dB at a frequency of 100 Hz, it proceeds

steadily and forms a peak at around 1 kHz. This is consistent with the results

obtained by Gan et al [40] whose resonant peak occurs at around 1 kHz. This

behaviour confirms the behaviour of the middle ear as a resonant system tuned to

the frequency between 700 and 1200 kHz. It is also observed that there is a decay

rate of approximately -6dB octave at the higher frequencies. The developed model

allows for investigation of ONIHL which is mostly affected by speech frequencies

which occur between 3-6 kHz whereas previous studies focused on the behaviour of

the middle human ear models at lower frequencies which were less than 1 kHz.

This developed PH model is not just useful for the study of the mechanism of the ear

sound transmission but can also be used to provide a theoretical basis of building a

physical model of the ear. The developed PH model of the middle ear is capable of

simulating the normal and abnormal behaviour of the middle ear.

4.3.7 Inner ear modelling

Scala Vestibula and Scala Tympani fluid

The fluid in the Scala Vestibula (S.V.) and the Scala Tympani (S.T.) are modelled

using the same formulation as given in section 4.3.3, that is the pressure-velocity form

of the N.S. equations with the addition of fluid viscosity term, µ∇ · ∇, to represent

the viscous nature of the perilymph fluid in the S.V. and S.T. The N.S. equations

with viscosity are [87]

ρ∂tv = −∇P + µ∇ · ∇v

κ∂tP = −∇ · v (4.47)
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Figure 4.8: Model of the inner ear

The state vector of the P.H. model

xi =


Πxi

Πyi

Ψi

 =


ρivxi

ρivyi

κiPi

 (4.48)

where the subscript i = 4 and i = 6 represent the S.V. and the S.T., respectively, Πxi

and Πyi are the fluid momenta along the x and y−axis directions, respectively, Ψi is

the fluid stiffness, ρi is the fluid density, vxi and vyi are the fluid velocities along the

x and y−axis directions, respectively and κi is the fluid compressibility.

Taking the time derivative of 4.48 making the appropriate substitutions into equation

4.47, the Port-Hamiltonian equations of the fluid in the S.T. and S.V. are given by

∂txi =
(
J i − GiRSiG∗iR

)
(δxiHi) (4.49)

where

J i =


0 0 −∂x
0 0 −∂y
−∂x −∂y 0

 , GiR =
[
∂x ∂y 0

]
, G∗iR = −(GiR)T ,

Si =


µi 0 0

0 µi 0

0 0 µi

 , eip = Sf ip, (δxiHi) = Lixi =


Πxi/ρi

Πyi/ρi

Ψi/κi

 (4.50)

where µi is the fluid viscosity, δxi is the variational derivative with respect to the

state vector, xi. These equations are obtained from a Hamiltonian

Hi (xi) =
1

2

∫∫
Ωi

xTi Lixi dx dy (4.51)
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where

Li =


1/ρi 0 0

0 1/ρi 0

0 0 1/κi

 (4.52)

written fully

Hi (xi) =
1

2

∫ Lyi

0

∫ Lxi

0

(
(Πxi)

2

ρi
+

(Πyi)
2

ρi
+

(Ψi)
2

κi

)
dx dy (4.53)

The Dirac structure is given by:〈
e1,J e2

〉
L2, dΩ

=

∫∫
Ω

(e1)TJ e2 dΩ

= −
∫∫

Ω
[e1∂xe3 + e3∂xe1 + e2∂ye3 + e3∂ye2] dΩ

−
∫ Ly

0
[e1e3 + e3e1]Lx

0 dy −
∫ Lx

0
[e2e3 + e3e2]

Ly

0 dx (4.54)

The Dirac structure is given by:〈
−J e1, e2

〉
L2, dΩ

=

∫∫
Ω

(−J e1)T e2 dΩ

=

∫∫
Ω

[e1∂xe3 + e3∂xe1 + e2∂ye3 + e3∂ye2] dΩ

+

∫ Ly

0
[e1e3 + e3e1]Lx

0 dy +

∫ Lx

0
[e2e3 + e3e2]

Ly

0 dx(4.55)

The time derivative of the Hamiltonian

∂tHi =

∫∫
Ω
xTi L (∂txi) dΩ

=

∫∫
Ω
xTi L

(
J i − GiRSiG∗iR

)
(δxiHi) dΩ

=

∫∫
Ω
eTi
(
J i − GiRSiG∗iR

)
ei dΩ

=

∫ Ly

0
[−e1e3 − e3e1 + e1µi∂xe1 + e2µi∂xe2 + e3µi∂xe3]Lx

0 dy

+

∫ Lx

0
[−e2e3 − e3e2 + e1µi∂ye1 + e2µi∂ye2 + e3µi∂ye3]

Ly

0 dx

+

∫∫
Ω

[
−e1∂xe3 − e2∂ye3 − e3∂xe1 − e3∂ye2 + e1(µi∂

2
x + µi∂

2
y)e1

+e2(µi∂
2
x + µi∂

2
y)e2 + e3(µi∂

2
x + µi∂

2
y)e3

]
dΩ

(4.56)
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That is

∫ Ly

0


e1

e2

e3


T 

0 0 −1

0 0 0

−1 0 0



e1

e2

e3

+


e1

e2

e3


T 

µi∂x 0 0

0 µi∂x 0

0 0 µi∂x



e1

e2

e3

 dy (4.57)

+

∫ Lx

0


e1

e2

e3


T 

0 0 0

0 0 −1

0 −1 0



e1

e2

e3

+


e1

e2

e3


T 

µi∂y 0 0

0 µi∂y 0

0 0 µi∂y



e1

e2

e3

 dx (4.58)

Cochlear partition

The Cochlear partition (C.P.) is modelled as a pair of Euler-Bernoulli beams coupled

together by a linear massless distributed spring, of stiffness K5ab . The C.P.’s equations

of motion are expressed as [88, 71, 87, 77]:

ρ5a∂
2
t v5a = −∂2

x

(
EI5a∂

2
xv5a

)
−B5a∂tv5a −K5ab (v5a − v5b)

ρ5b∂
2
t v5b = −∂2

x

(
EI5b∂

2
xv5b

)
−B5b∂tv5b +K5ab (v5a − v5b) (4.59)

where ρ(·) is density per unit length, v(·) is the transverse deflection of the beam,

EI(·) is flexural rigidity and B(·) is viscous damping. The subscripts 5, 5a and 5b

are used to indicate the Cochlear partition and the tectorial and basilar membranes,

respectively.

The Port-Hamiltonian state vector of the C.P., x5, is

x5 =
[
Π5a Ψ5a Π5b Ψ5b Φ5ab

]T
(4.60)

where Π5(·) = ρ5(·)∂tv5(·) and Ψ5(·) = ∂2
xv5(·) are is the momentum and curvature

of the membranes, respectively and Φ5ab is the relative displacement between the

tectorial and basilar membranes. Φ5ab is calculated by integrating the difference in

membrane velocities

∂tΦ5ab = Π5a/ρ5a −Π5b/ρ5b (4.61)

Taking the time derivative of the state vector x5, making the appropriate substitutions

into equation 4.59, the equations of the C.P. in terms of the P.H. states become

∂tΠ5a = −∂2
xEI5aΨ5a −B5aΠ5a/ρ5a −K5abΦ5ab

∂tΨ5a = ∂2
xΠ5a/ρ5a

∂tΠ5b = −∂2
xEI5bΨ5b −B5bΠ5b/ρ5b +K5abΦ5ab

∂tΨ5b = ∂2
xΠ5b/ρ5b (4.62)
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Equation 4.62 can be derived from the Hamiltonian

H5 (x5) =
1

2

∫ b

a
xT5 L5x5 dx (4.63)

where [71]

L5 =



1/ρ5a 0 0 0 0

0 EI5a 0 0 0

0 0 1/ρ5b 0 0

0 0 0 EI5b 0

0 0 0 0 K5ab


written out in full

H5 (x5) =
1

2

∫ Lx5

0

(
(Π5a)2

ρ5a

+ EI5a (Ψ5a)2 +
(Π5b)

2

ρ5b

+ EI5b (Ψ5b)
2

+K5ab (Φ5ab)
2
)
dx (4.64)

The P.H. model of the C.P. is

∂tx5 =
(
J5 − G5

RS5G∗5R
)

(δx5H5) +G5
Iu5

y5 = G∗5I (δx5H5) (4.65)

where

J5 = P 5
0 + P 5

1 ∂x + P 5
2 ∂

2
x,

P 5
0 = P 5

1 =



0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0


, P 5

2 =



0 −1 0 0 0

1 0 0 0 0

0 0 0 −1 0

0 0 1 0 0

0 0 0 0 0


,

G5
R =



1 0 0 0 0

0 0 0 0 0

0 0 1 0 0

0 0 0 0 0

0 0 0 0 0


, G∗5R = −(G5

R)T , S5 = −



B5a 0 0 0 0

0 0 0 0 0

0 0 B5b 0 0

0 0 0 0 0

0 0 0 0 0


,

G5
I =



1 0

0 0

0 1

0 0

0 0


, u5 =

[
u5a

u5b

]
, (δx5H5) = L5x5 =



Π5a/ρ5a

EI5aΨ5a

Π5b/ρ5b

EI5bΨ5b

K5abΦ5ab


(4.66)
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The boundary ports are

[
f∂

e∂

]
=

1√
2

[
Q5 −Q5

I I

][
δx5H5(b)

δx5H5(a)

]
=

1√
2



EI5aΨ5a(a)− EI5aΨ5a(b)

Π5a/ρ5a(b)−Π5a/ρ5a(a)

EI5bΨ5b(a)− EI5bΨ5b(b)

Π5b/ρ5b(b)−Π5b/ρ5b(a)

Π5a/ρ5a(a) + Π5a/ρ5a(b)

EI5aΨ5a(a) + EI5aΨ5a(b)

Π5b/ρ5b(a) + Π5b/ρ5b(b)

EI5bΨ5b(a) + EI5bΨ5b(b)


(4.67)

where

Q5 = P 5
2 (4.68)

4.3.8 Inner ear results and discussion

An initial condition (non-zero velocity towards the edges of the Basilar membrane)

resulted in waves of vibration moving towards the centre of the Basilar membrane

as shown in figure 4.9. This was done to test the coupling between the basilar and

tectorial membranes and the fluids in the Scala Vestibula and Scala Tympani. Figure

4.10 shows the response of the fluid in the Scala Vestibula at a point in time due to

the movement of the Basilar membrane. The movement of the Basilar membrane

causes the fluid to move at its lower boundary and the motion is transmitted to the

rest of the fluid. The result of the Scala Tympani is similar and is not shown. Figure

4.11 and 4.12 show that coupling is present, by the relative motion of the Cochlear

partition and the motion of the Tectorial, respectively.

The sensitivity of the human ear changes as a function of frequency. Figure 4.13

shows the Sound Pressure Level (SPL) required for the frequencies to be perceived

as loud. When sensorineural hearing loss (damage to the cochlea) is present, the

perception of loudness is altered. Typically hearing tests are performed over a range

of frequencies for instance from 250 to 8000 Hz. The hearing threshold is measured

in decibels relative to the normal threshold. Hearing loss is caused by a dip near the

4000 Hz.
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Figure 4.9: Response of the Basilar membrane 10 seconds after application of the

disturbance

Figure 4.10: Response of the Scala Vestibula at a time instant

4.3.9 Outer Hair Cells modelling

Given the Perilymph has a resting potential ψ5d0 , the Outer Hair Cells are modelled

based on an the equivalent circuit model method as shown in figure 4.14[77, 78].

∂tψ5d = ω5d(ψ5d − ψ5d0) + η5dφ5ab (4.69)

where ψ5d and ω5d are the voltage and cut-off frequency of the OHC surface, respect-

ively, η5d is a constant conversion factor and φ5ab is the relative displacement of the

Basilar and Tectorial membranes. φ5ab is obtained by integrating Φ5ab .
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Figure 4.11: Cochlear partition relative velocity

Figure 4.12: Tectorial membrane

The Port-Hamiltonian state vector of the OHC is x5d

x5d =
[
Ψ5d

]
=
[
ψ5d

]
(4.70)

The Hamiltonian function H5d is given by

H5d =
1

2
ω5d(Ψ5d −Ψ5d0)2 (4.71)

The P.H. model of the OHC is

∂tx5d = J5d(δ5dH5d) +G5du5d (4.72)

y5d = G∗5dI (δ5dH5d) (4.73)

The pressure applied by the OHC onto the Basilar and Tectorial membranes Pohc is

[77, 78]

Pohc(x, t) = K5ab(φ5ab −∆ohc) (4.74)

where ∆ohc is the deflection of the outer hair cell [77, 78]

∆ohc = αs tanh(−αx5d) (4.75)
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Figure 4.13: Cochlear frequency response

where α1 and αs are the reference voltage and peak to peak deflection due to

electro-mobility.

Figure 4.14: Outer Hair Cell electrical circuit model [77, 78]
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4.3.10 Outer Hair Cells results and discussion

Figure 4.15 shows the frequency response of the OHC at 0.3889cm, 1.1667cm,

1.9444cm, 2.7222cm and 3.5cm from the base of the Cochlear.

Figure 4.15: Outer Hair Cell frequency response, at the points 0.3889cm, 1.1667cm,

1.9444cm, 2.7222cm and 3.5cm from the base of the Cochlear

The cochlear displacement velocity is mainly enhanced by the OHC activities. For

frequencies that are greater than 1 KHz which is the cutoff frequency of the OHCs

membrane, the enhancement becomes very significant. The basilar membrane motion

is very sensitive to the any change in the gain of the OHCs. ONIHL is traditionally

observed by an audiogram whose maximum threshold shift occurs at 4KHz. This

model is consistent with the assumption by Furst [77, 78] et al which proposes that

the loss of OHCs occurs randomly along the cochlea in humans. This is further

supported by current research that indicates that the loss in hearing sensitivity in

humans that occurs at 4 KHz is independent of the type of noise exposure [77, 78].

Presbycusis is characterized by hearing loss at high frequencies. The proposed Port-

Hamiltonian model only deals with OHC hearing loss. It is therefore assumed that

the loss of IHC that usually follows OHC loss is the cause of profound hearing loss.

The Port-Hamiltonian results of the OHCs were validated against Furst et al [77, 78]

and were found to be comparable and followed a similar pattern of behaviour [77, 78].
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4.4 Model discretization

In order for the model to be simulated it is essential to perform discretization. The

process used to discretize this model is presented in detail in the subsections that

follow.

4.4.1 Ear Canal

The discrete form of J , formally skew symmetric matrix, is given by

J = −


O O JΠ

O O JΘ

JΠ JΘ O

 (4.76)

where O is a zero matrix with a diagonal that has nx × ny elements. JΠ and JΘ are

obtained by factorizing the central difference approximations of the fluid momentum

in the x− and y− axis directions, respectively. These approximations are given by

∂xΠ ≈ J̄Π =
Πj
i−1 −Πj

i+1

2∆x
(4.77)

and

∂xΘ ≈ J̄Θ =
Θj−1
i −Θj+1

i

2∆y
(4.78)

respectively, where i and j are used to index the discrete fluid cells as shown in

figure 4.19, i = 1, 2, · · · , nx − 1, nx and j = 1, 2, · · · , ny − 1, ny, for nx cells along the

x−axis direction and ny cells along the y−axis direction. The length of an individual

cell along the x−axis and y−axis directions is given by

∆x =
Lx

(nx − 1)
(4.79)

and

∆y =
Ly

(ny − 1)
(4.80)

where Lx and Ly are the lengths of the fluid chamber along the x−axis and y−axis

directions, respectively. The state vector is given by

x =


Π

Θ

Ψ

 (4.81)
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where

Π =



Π1
1

...

Π1
nx

Π2
1

...

Π2
nx

Π
ny−1
1
...

Π
ny−1
nx

Π
ny

1
...

Π
ny
nx



, Θ =



Θ1
1

...

Θ1
nx

Θ2
1

...

Θ2
nx

Θ
ny−1
1
...

Θ
ny−1
nx

Θ
ny

1
...

Θ
ny
nx



, Ψ =



Ψ1
1

...

Ψ1
nx

Ψ2
1

...

Ψ2
nx

Ψ
ny−1
1
...

Ψ
ny−1
nx

Ψ
ny

1
...

Ψ
ny
nx



(4.82)

Factorizing J̄Θ, the matrix JΘ of dimension nx × ny along its diagonal is given by

JΘ =



0 −1 0 · · · 0 0 0 0

1 0 −1 0
. . .

. . . 0 0

0 1 0 −1
. . .

. . .
. . . 0

...
. . . 1 0

. . .
. . .

. . . 0

0
. . .

. . .
. . .

. . . −1
. . .

...

0
. . .

. . .
. . . 1 0 −1 0

0 0
. . .

. . .
. . . 1 0 −1

0 0 0 0 · · · 0 1 0



(4.83)

The components of the symmetric dissipation matrix Rx and Ry are

R̄x = ν

(
Πj
i−1 − 2Πj

i + Πj
i+1

∆x

)
+ ν

(
Θj−1
i − 2Θj

i + Θj+1
i

∆y

)
(4.84)

R̄y = ν

(
Πj
i−1 − 2Πj

i + Πj
i+1

∆x

)
+ ν

(
Θj−1
i − 2Θj

i + Θj+1
i

∆y

)
(4.85)

where ν is the fluid viscosity. Factorizing the matrices R̄x and R̄y

R̄x = RxΠ (4.86)

R̄y = RyΘ (4.87)
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for example when nx = 4 and ny = 3, Rx and Ry take the following form

Rx = Ry =



∗ ∗ ∗
∗ ∗ ∗ ∗
∗ ∗ ∗ ∗
∗ ∗ ∗

∗ ∗ ∗ ∗
∗ ∗ ∗ ∗ ∗
∗ ∗ ∗ ∗ ∗
∗ ∗ ∗ ∗
∗ ∗ ∗
∗ ∗ ∗ ∗
∗ ∗ ∗ ∗
∗ ∗ ∗



(4.88)

where the asterisks ∗ are used for non-zero entries in the matrix whose values are

Rx(i, j) = Ry(i, j) = −ν 2

∆x
− ν 2

∆y
, for i = j (4.89)

Rx(i+ (j − 1)nx, i+ (j − 1)nx + 1) = ν
1

∆x

for i = 1, · · · , nx − 1 j = 1, · · · , ny (4.90)

Ry(i+ (j − 1)nx + 1, i+ (j − 1)nx) = ν
1

∆x

for i = 1, · · · , nx j = 1, · · · , ny − 1 (4.91)

The symmetric dissipation matrix R is

R = −


Rx O O

O Ry O

O O O

 (4.92)

where O is a zero matrix that has a diagonal with nx × ny elements. The matrix L
is given by

L =


1/ρ× I O O

O 1/ρ× I O

O O 1/κ× I

 (4.93)

where I is an identity matrix with a diagonal of nx × ny elements and O is a zero

matrix with a diagonal that has nx × ny elements.
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Figure 4.16: Ear canal fluid discretization, where (i, j) is the cell index for i =

1, 2, · · · , nx − 1, nx and i = 1, 2, · · · , ny − 1, ny, ∆x and Lx are the step size and the

length along the x−axis, respectively and ∆y and Ly are the step size and the length

along the y−axis, respectively

Figure 4.17: Tympanic membrane discretization, where i = 1, 2, · · · , ny − 1, ny is the

cell index and ∆y is the step size and Ly is the length along the y−axis

4.4.2 Tympanic membrane

Figure 4.17 shows the discrete Tympanic membrane. It consists of ny cell elements

of length ∆y given by

∆y =
Ly

(ny − 1)
(4.94)
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where ny > 1 is the number of discrete elements and Ly is the length of the membrane.

The matrix L is given by

L =

[
Lρ O

O LEI

]
(4.95)

where O is a ny × ny zero matrix. The diagonal elements of the matrices Lρ and

LEI are given by

Lρ = diag
(

1/ρ1 1/ρ2 · · · 1/ρny−1 1/ρny

)
(4.96)

where ρi is the density of element i along the length of the membrane and

LEI = diag
(
EI1 EI2 · · · EIny−1 EIny

)
(4.97)

where EIi is the Young’s modulus of element i along the length of the membrane.

The state vector x is given by

x =

[
Π

Θ

]
(4.98)

where the momentum, Π, and curvature, Θ, are vectors of dimension ny × 1 given by

Π =
[
Π1 Π2 · · · Πny−1 Πny

]T
(4.99)

and

Θ =
[
Θ1 Θ2 · · · Θny−1 Θny

]T
(4.100)

The discretization for of the skew symmetric matrix J is given by

J =

[
O −JΘ

JΠ O

]
(4.101)

where O is a zero matrix of dimension ny × ny. JΘ and JΠ are found by factorizing

the discrete second order approximations of the momentum

∂2
yΠ ≈ Πj−1 − 2Πj + Πj+1

∆y
= J̄Π (4.102)

and curvature

∂2
yΘ ≈ Θj−1 − 2Θj + Θj+1

∆y
= J̄Θ (4.103)

where j = 1, 2, · · · , ny − 1, ny.

J̄Π = JΠΠ =



−2 1

1 −2 1

1 −2
. . .

. . .
. . .

. . .

. . . −2 1

1 −2 1

1 −2





Π1

Π2

...

...

...

Πny−1

Πny


(4.104)
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and

J̄Θ = JΘΘ =



−2 1

1 −2 1

1 −2
. . .

. . .
. . .

. . .

. . . −2 1

1 −2 1

1 −2





Θ1

Θ2

...

...

...

Θny−1

Θny


(4.105)

JΠ and JΘ are matrices with three diagonals (the remaining elements of these matrices

are zeroes).

4.4.3 Tectorial and Basilar membranes

The Tectorial and Basilar membranes are discretized into nx cell elements of equal

length ∆x as shown in figure 4.18. ∆x is given below

∆x =
Lx

(nx − 1)
(4.106)

where Lx is the length of the membrane and nx > 1 is the number of discrete elements.

The state vector x is given by

Figure 4.18: Tectorial and Basilar membrane discretization, where i = 1, 2, · · · , nx −
1, nx is the cell index, ∆x and Lx are the step size and the length along the x−axis

x =

[
Π

Θ

]
(4.107)

where the momentum, Π, and curvature, Θ, are given by nx discrete elements

Π =
[
Π1 Π2 · · · Πnx−1 Πnx

]T
(4.108)

Θ =
[
Θ1 Θ2 · · · Θnx−1 Θnx

]T
(4.109)
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The second order partial derivatives of Π and Θ are approximated as

J̄Π =
Πi−1 − 2Πi + Πi+1

∆x
≈ ∂2

xΠ (4.110)

and

J̄Θ =
Θi−1 − 2Θi + Θi+1

∆x
≈ ∂2

xΘ (4.111)

where i = 2, 3, · · · , nx − 1, nx. Factorizing J̄Π and J̄Θ, the discrete skew symmetric

matrix J is given by

J =

[
O JΠ

JΦ O

]
(4.112)

where O is a zero matrix of dimension nx × nx,

J̄Π = JΠΠ =



−2 1

1 −2 1

1 −2
. . .

. . .
. . .

. . .

. . . −2 1

1 −2 1

1 −2





Π1

Π2

...

...

...

Πnx−1

Πnx


(4.113)

and

J̄Θ = JΘΘ =



−2 1

1 −2 1

1 −2
. . .

. . .
. . .

. . .

. . . −2 1

1 −2 1

1 −2





Θ1

Θ2

...

...

...

Θnx−1

Θnx


(4.114)

JΠ and JΘ are matrices with three diagonals (the remaining elements of these matrices

are zeros). The matrix L is given by

L =

[
Lρ O

O LEI

]
(4.115)

where O is a nx × nx zero matrix. The diagonal elements of the matrix Lρ and LEI
are given by

Lρ = diag
(

1/ρ1 1/ρ2 · · · 1/ρnx−1 1/ρnx

)
(4.116)
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and

LEI = diag
(
EI1 EI2 · · · EInx−1 EInx

)
(4.117)

respectively, where ρi is the density and EIi is the Young’s modulus of element i

along the length of the membrane.

4.4.4 Scala Tympani and Scala Vestibula

The matrix L is given by

L =


1/ρ× I O O

O 1/ρ× I O

O O 1/κ× I

 (4.118)

where I is an identity matrix with a diagonal of nx × ny elements and O is a zero

matrix with a diagonal that has nx × ny elements. The discrete form of J , formally

skew symmetric matrix, is given by

J = −


O O JΠ

O O JΘ

JΠ JΘ O

 (4.119)

where O is a zero matrix with a diagonal that has nx × ny elements. JΠ and JΘ are

obtained by factorizing the central difference approximations of the fluid momentum

in the x− and y− axis directions, respectively. These approximations are given by

∂xΠ ≈ J̄Π =
Πj
i−1 −Πj

i+1

2∆x
(4.120)

and

∂xΘ ≈ J̄Θ =
Θj−1
i −Θj+1

i

2∆y
(4.121)

respectively, where i and j are used to index the discrete fluid cells as shown in

figure 4.19, i = 1, 2, · · · , nx − 1, nx and j = 1, 2, · · · , ny − 1, ny, for nx cells along the

x−axis direction and ny cells along the y−axis direction. The length of an individual

cell along the x−axis and y−axis directions are given by

∆x =
Lx

(nx − 1)
(4.122)

and

∆y =
Ly

(ny − 1)
(4.123)



Chapter 4 — Dynamic ear model 64

where Lx and Ly are the lengths of the fluid chamber along the x−axis and y−axis

directions, respectively. The state vector is given by

x =


Π

Θ

Ψ

 (4.124)

where

Π =



Π1
1

...

Π1
nx

Π2
1

...

Π2
nx

Π
ny−1
1
...
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(4.125)

Factorizing J̄Θ, the matrix JΘ of dimension nx × ny along its diagonal is given by

JΘ =
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(4.126)

The components of the symmetric dissipation matrix Rx and Ry are

R̄x = ν

(
Πj
i−1 − 2Πj

i + Πj
i+1

∆x

)
+ ν

(
Θj−1
i − 2Θj

i + Θj+1
i

∆y

)
(4.127)

R̄y = ν

(
Πj
i−1 − 2Πj

i + Πj
i+1

∆x

)
+ ν

(
Θj−1
i − 2Θj

i + Θj+1
i

∆y

)
(4.128)
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where ν is the fluid viscosity. Factorizing the matrices R̄x and R̄y

R̄x = RxΠ (4.129)

R̄y = RyΘ (4.130)

for example when nx = 4 and ny = 3, Rx and Ry take the following form

Rx = Ry =



∗ ∗ ∗
∗ ∗ ∗ ∗
∗ ∗ ∗ ∗
∗ ∗ ∗

∗ ∗ ∗ ∗
∗ ∗ ∗ ∗ ∗
∗ ∗ ∗ ∗ ∗
∗ ∗ ∗ ∗
∗ ∗ ∗
∗ ∗ ∗ ∗
∗ ∗ ∗ ∗
∗ ∗ ∗



(4.131)

where the asterisks ∗ are used for non-zero entries in the matrix whose values are

Rx(i, j) = Ry(i, j) = −ν 2

∆x
− ν 2

∆y
, for i = j (4.132)

Rx(i+ (j − 1)nx, i+ (j − 1)nx + 1) = ν
1

∆x

for i = 1, · · · , nx − 1 j = 1, · · · , ny (4.133)

Ry(i+ (j − 1)nx + 1, i+ (j − 1)nx) = ν
1

∆x

for i = 1, · · · , nx j = 1, · · · , ny − 1 (4.134)

The symmetric dissipation matrix R is

R = −


Rx O O

O Ry O

O O O

 (4.135)

where O is a zero matrix that has a diagonal with nx × ny elements.

4.5 Model interconnection/Coupling

The individual Port-Hamiltonian model sub-systems were coupled by considering

the following boundary conditions:
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Figure 4.19: Scala Tympani and Scala Vestibula fluid discretization, where (i, j) is

the cell index for i = 1, 2, · · · , nx − 1, nx and i = 1, 2, · · · , ny − 1, ny, ∆x and Lx are

the step size and the length along the x−axis, respectively and ∆y and Ly are the

step size and the length along the y−axis, respectively

1. Sound Source/Ear canal interconnection:

• Sound pressure at the source is equal to the pressure at the entrance of

the ear canal

Psource(t) =
Ψ1(t, 0, y)

κ
(4.136)

2. Ear canal/Tympanic membrane interconnection:

• At their interface, the Ear Canal’s air momentum component along the

x−axis direction, Π1, is equal to the momentum of the Tympanic mem-

brane:

Π1(t, Lx, y) = Π2(t, y) (4.137)

• At their interface, air pressure of the Ear Canal, Ψ1, is equal to the force

per unit area of Tympanic membrane:

Ψ1(t, Lx, y)

κ1
=
F2(t, y)

A2
(4.138)

assuming the area of contact remains constant.

3. Tympanic membrane/Middle Ear interconnection:
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• The momentum of the Tympanic membrane, Π2, is equal to the momentum

of the Malleus at their interface:

Π2(t, Lx,
Ly
2

) = Π3a(t) (4.139)

4. Middle Ear/Cochlear Partition interconnection:

• The momentum of the Stapes, Π3c , is equal to the momentum of the fluid

in the Scala Vestibula at their interface:

Π3c(t) = Π4(t, 0, y) (4.140)

• The force of the Stapes, F3c , is equal to the fluid pressure per unit area

applied by the Scala Vestibula at their interface:

F3c(t) =
Ψ4(t, 0, y)

A3c

(4.141)

assuming the area of contact remains constant.

• The momentum of the round window, Π3d , is equal to the momentum of

the fluid in the Scala Tympani at their interface:

Π3d(t) = Π6(t, 0, y) (4.142)

• The force of the round window, F3d , is equal to the fluid pressure per unit

area applied by the Scala Tympani at their interface:

F3c(t) =
Ψ6(t, 0, y)

A3d

(4.143)

assuming the area of contact remains constant.

5. Scala Vestibula and Tectorial Membrane:

• The momentum of the Scala Vestibula fluid, Θ4, is equal to the momentum

of the Tectorial membrane at their interface:

Θ4(t, x, 0) = Π5a(t, x) (4.144)

• The force of the Tectorial membrane, F5a , is equal to the fluid pressure

per unit area applied by the Scala Vestibula at their interface:

F5a(t, x) =
Ψ4(t, 0, y)

A5a

(4.145)

assuming the area of contact remains constant.

6. Scala Tympani and Basilar Membrane:
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• The momentum of the Scala Tympani fluid, Θ6, is equal to the momentum

of the Basilar membrane at their interface:

Θ6(t, x, Ly) = Π5b(t, x) (4.146)

• The force of the Basilar membrane, F5b , is equal to the fluid pressure per

unit area applied by the Scala Tympani at their interface:

F5b(t, x) =
Ψ6(t, Lx, y)

A5b

(4.147)

assuming the area of contact remains constant.

7. Helicotrema

• The fluid momentum and pressure of the Scala Vestibula and Scala

Tympani are equal at the helicotrema.

Θ4(t, Lx, 0) = Θ6(t, Lx, Ly) (4.148)

Ψ4(t, Lx, 0) = Ψ6(t, Lx, Ly) (4.149)

4.5.1 Integrated Port Hamiltonian outer, middle and inner ear res-

ults

To display the full range of actual values, the graph (Refer to figure 4.70) is plotted on

a logarithmic scale as opposed to a linear scale. As frequency is varied from 0 kHz to

1000 kHZ, three peaks are observed. These peaks occur at around 1.3 kHz,3 kHz and

4kHz respectively. The frequency response curve indicates how an individual’s ability

to hear varies with an increase in noise intensity and frequency. The distinctive

regions appear on the frequency response curve. These regions correspond to the

normal, mild, moderate, severe and profound hearing loss. The integrated Port

Hamiltonian model of the human ear reported in this study provides a computational

tool to predict the outer, middle and inner ear functions for assessment of ONIHL.

Compared to other models published in the literature, this model has unique features

including an accurate anatomic structure of the middle ear. This model is capable of

predicting the travelling wave pattern along the basilar membrane.

4.6 Conclusion

A comprehensive integrated Port-Hamiltonian model of the outer, middle and inner

ear has been presented. This model is based mainly based on the Dirac structure. The
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Figure 4.20: Complete model frequency response

assumptions taken to simplify the system are also provided. A detailed explanations

of the system discretization and coupling is also given. In chapter 5, the model will

be used as a plant in the noise policy management model.
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Chapter 5

Noise policy management model

5.1 Chapter overview

The noise management model is developed by firstly considering the risk management

matrix which is mainly used in the military to rank tasks in order of priority. The

risk management matrix is converted to a noise management matrix and finally

a feedback based policy management model is developed. The static model has

statistical equations that represents the ear. The dynamic model uses the Port-

Hamiltonian model of the ear developed in chapter 4 of this research work. Both the

static model using ISO:1999 standard and a dynamic model are used in estimation

of the hearing threshold shift which may be used as an indicator of ONIHL.

5.2 Background

5.2.1 The matrix

Loud noise is one of the risks an individual is exposed to in the mine. There are

numerous ways in which this noise can be monitored and managed. Moroe [5]

proposes a noise management matrix to assist administrators in noise identification

and management. In order to understand the functioning of a noise management

matrix, a risk management matrix is presented.
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Figure 5.1: Defining noise as a risk [91]

Risk management matrix

Risk is defined [89] as the probability of an event exposing one to danger occurring

or not occurring. It may also be defined as the statistical expectation value of

unwanted events which may occur or not occur [89]. A risk matrix is used in

periods of evaluation to define the intensity of risk by considering the category of an

outcome against the category of probability or likelihood [89]. Risk matrices have

previously been used by the military in the United States of America (USA) to grade

tasks in order of significance and urgency [90]. According to Donoghue [90], risk

management has become an important topic and practice being explored by the

academics, business community and medical practitioners. Complete risk mitigation

is impossible, therefore the dilemma faced is estimating the measure to which risk

is allowed and how can it be efficiently managed [90]. Risk management may be

defined as the reduction of risk to acceptable levels by society with the guarantee of

control and monitoring [90]. Risk assessment entails precise definition of modules in

numerical terms which enables one to calculate the chances of wanted and unwanted

outcomes. These modules are then averaged by multiplying the chances by the

impact effect [90]. The risk management matrix constitutes establishing goals and

context, hazard identification, risk assessment and risk control [90].
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The noise management matrix

The risk management matrix in the preceding section is used to create a noise

management matrix. The noise management matrix has hazard identification in

which the environment and the risk are identified. For this case, the environment

is the mine and the risk is noise. Establishing goals and context in a mine entails

clearly understanding the policies which make up the regulatory requirements, codes

of conduct and standards for the mining industry. The perception of risk criteria in

the mine and the interpretation is important. Risk assessment in the mine involves

evaluating the risk or injury resulting from ONIHL. Determination of source of

noise, the consequences and quantifying the chances of unprotected exposure to noise

without controls in place [90]. The controls used have to be identified and their

effectiveness should be measured in quantifiable amounts. The risk control for the

noise management matrix is used as a risk assessment tool. It guides and assists in

identifying and implementing control measures that will eliminate or reduce the risks

and ensure that adequate monitoring is practised [90]. From this noise management

Figure 5.2: Noise management matrix [5].

matrix, a feedback based measurement system is designed.

Current noise measurement systems

The International Standard Organization (ISO) [69] provides statistical equations that

allows for predictions of the threshold shift for individuals according to gender, age,
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exposure level and duration. The data, procedures and prediction method presented

in the standard have their basis on predetermined simplifications of experimental data

where the daily sound exposure period is not greater than 12 hours. The standard is

useful in predicting the threshold shift; however it is limited in its inability to include

the policies and intervention that may exist in the mine. Software tools based on the

ISO standard that can provide guidance in assigning workers to jobs based on the

noise levels to which they will be exposed have also been developed [69].

5.3 System modelling

The static and dynamic models are presented in the later sections of this research

report. The static model does not include the human ear. The ISO:1999 standard

statistical equations are used in estimation of the threshold shift of an individual.

The dynamic model includes a subsystem represented with a Port Hamiltonian model

of the human ear and a demonstration of how threshold shift of a mine worker is

measured within the feedback loop is demonstrated. For both the static and dynamic

models, case scenarios in the mine simulated from open source literature are used to

demonstrate how the models works.

5.3.1 Static feedback model

The static feedback model is developed from the noise matrix and risk matrix. It

acts as an initial stage to the development of the dynamic feedback model with an

actual ear. An engineering control approach is applied resulting in modelling the

system as a feedback based system. The practical application of this system would

be: To estimate, monitor and provide quantitative information that can aid the

miners, mining administrators or policy makers in decision making thus reducing the

impact of occupational noise in the mine on the workers. This therefore forms part

of an early intervention and management of ONIHL in the mine. The input to these

systems is the noise that a person not exposed to occupational noise, experiences in

their life time. The occupational noise exposure is the disturbance to the system.

The estimated ONIHL is the output. These system may therefore be defined as

a feedback based Single Input Single Output (SISO) nonlinear stochastic system.

Shown in 5.3 is the static feedback based noise policy management model that is

developed from the noise management matrix in 5.2.

Overall system diagram for the static feedback based model for ONIHL monitoring
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Figure 5.3: Overall system diagram for a feedback based model for ONIHL monitoring.

Threshold shift for an individual not exposed to occupational noise

In 5.3, S1 represents the threshold shift of an individual who has not been exposed

to occupational noise. Equation 5.1 is used to determine the effects of age on the

hearing ability of this individual. The input to this system is exposure which is

less than 85 dB at 2000 Hz. At this level of exposure and frequency in the absence

of any other factors, for instance being exposed to a sudden explosion [92], then

the only loss that would occur is ONIHL due to presbycusis. The output to this

system is the threshold shift. The hearing threshold level associated with age (HTLA)

[69] is calculated as shown by equation 5.1 The formulae applicable for the hearing

threshold, H, as a function of age Y (years), for the different ranges of the percentage,

Q, having hearing threshold level exceeding the value HQ are [69]: For Q = 50%

Hmd,Y = a(Y − 18)2 +Hmd;18 (5.1)

For 5% ≤ Q < 50%

HQ = Hmd,Y +KSu (5.2)

For 50% < Q ≤ 95%

HQ = Hmd,Y −KS1 (5.3)

Where Su, is the standard deviation of the upper half of the distribution, S1, is the

standard deviation of the lower half of the distribution and Hmd,18, is the median

value of the hearing threshold of ontologically normal persons of the same sex aged

18 years, which for practical purposes is taken as zero, as specified in the ISO 389

series. Hence, HQ is the hearing threshold level associated with age.

The values for the co-efficient a and the multiplier are presented in table A.4 of this

research report [69].

Su = bu + 0.445Hmd,Y (5.4)
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S1 = b1 + 0.356Hmd,y (5.5)

The values of bu and b1 are listed in table A5 of the appendix A.

Policy and Intervention

S2 is the system that represents the mandatory code of conduct imposed in a mine

for both surface and underground employees and anyone on site [93]. S2 is simplified

by lumping the policies and the intervention together. Depending on the policy

implemented by the mine, occupation noise is attenuated or increased. The system

is therefore represented with an equation used by manufacturers in the industry in

design of noise reduction protective gear [94]. Shown by equation 5.6.

d = −20log10(1− C) (5.6)

where d =decibel drop with the material at the given frequency, and C = coefficient

provided by the manufacturer.

Sensors

S3 is the sensing unit of this system. The sensor used in this unit is the NIOSH

Sound Level Meter mobile application tool [95]. This sensor is used to measure sound

levels in the mine; it outputs the noise intensity and the frequency. The subunits

within the subsystem constitute a sound level meter. The transfer function of this

unit is used to provide information on the behaviour of the subsystem.

Threshold shift for an individual exposed to occupational noise

S4 is defined by 5.7 and it represents an individual who has been exposed to

occupational noise and at the same time affected by presbycusis.

H
′

= H +N − H ×N
120

(5.7)

H
′

= Hearing threshold level, in decibels, associated with age and noise (HTLAN),

H = Hearing threshold level, expressed in decibels, associated with age (HTLA) and

N = Actual or potential noise induced permanent threshold shift (NIPTS), expressed

in decibels.
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N is calculated using equations:

N50 =

[
u+ vlg(

t

t0
)

]
(LEX,8h − L0)2 (5.8)

N50,t<10 =
lg(t+ 1)

lg(11)
N50,t=10 (5.9)

where Lex,8h = is the noise exposure level normalized to a nominal 8h working day,

expressed in decibels, Lo = is the sound pressure level, defined as a function of

frequency, expressed in decibels, below which the effect on hearing is negligible, t =

is the exposure duration, expressed in years to = is 1 year, u and v are given as a

function of frequency.

This formula applies to Lex,8h greater than Lo. In cases where Lex,8h is less than Lo,

it shall be deemed equal to Lo so that N50 is zero.

Check up

S5 represents the check subsystem. This can be daily, weekly or monthly monitoring

of the threshold shifts. For annual and biannual check-ups, an audiogram is used to

establish if threshold temporal threshold shift has resulted in permanent threshold

shift, thus damage to hearing, resulting in ONIHL. Temporal check-up can be

performed on a weekly or monthly basis to establish the integrity of the inner ear

hair cells.

5.3.2 Results and discussion

Case scenarios will be used to demonstrate the use of the static feedback noise policy

management model. The graphs (Figure 5.4 -5.9) shows 6 mine workers, 3 female and

3 male who started employment at the age of 50, 40 and 25 respectively. They work

in a deep level mine with highest noise intensity of 107 dB at a frequency of 4000 HZ.

The results show what is to be expected under such exposures if the workers were

unmonitored for 15 years. The existing baseline of the mine workers is ignored and

hence all of them are assumed to have perfect hearing with no previous exposure to

occupational noise prior to employment.

There is a steady increase in the threshold shift of the mine workers over the years.

Both male and Female when left unmonitored, implying that they are not wearing



Chapter 5 — Noise policy management model 77

Figure 5.4: Threshold shift of a 50 year old unmonitored mine worker.

any ear protection for 15 years with an exposure of 107 dB at 4000 Hz. The Men

experience this shift in 6.25 years while women experience the shift after 7.5 years.

On the same graph (Figure 5.4), we observe that for men and women who were only

affected by presbycusis, the threshold shift on the 15th year is approximately 15 dB

for men and 9dB for women.

Figure 5.5: Threshold shift monitored 50 year old mine worker.
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In this graph (Figure 5.5),the mine workers are given ear protection and they remain

monitored to ensure that they wear the ear protection at all times. There is a

significant decrease in the threshold shift for the curves for men and women who

were exposed to occupational noise and given sufficient protection with monitoring

. This shows that monitoring of the mine workers results in preservation of their

hearing ability.

Figure 5.6: Threshold shift of an unmonitored 40 year old mine worker.

For a man and woman who started working at the age of 40, the threshold shift of

25 dB occurs after 7 years for men and after 10 for women. Compared to the graphs

of those who were employed at 50, the increase in time before the 25 dB shift occurs

is possibly due to the employees being affected less by prebycusis

When monitored, the mine workers have almost the same threshold shift as the male

and female who have not been exposed to occupational noise.

The workers who were employed at 25 years old, do experience a threshold shift of

25dB, which occurs approximately on the 12th year of exposure. The delay in the

shift is also attributed to the effects of presbycusis not having started to have an

effect.

The monitored group is consistent with the results obtained for the 50 and 40 year

old where no significant shift is observed.
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Figure 5.7: Threshold shift of a monitored 40 year old mine worker.

Figure 5.8: Threshold shift unmonitored 25 year old mine worker.
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Figure 5.9: Threshold shift monitored 25 year old mine workers.

From the graphs, it is quite evident that if left unmonitored all three mine workers

irrespective of their age, in less than 10 years, will have experienced a threshold shift

of more than 25 dB from their given base line. The designed system currently offers

a predictive model to the mine administrators who should now take measures to

monitor the mine workers frequently to ensure that the threshold does not shift with

more than 25 dBs, which is one of the MHSC requirements.

All the results presented were consistent with results previously presented by [5]

The presented static model has the following limitations:

• It is static and excludes the dynamic aspects of the system, for instance, it

does not include the ear model.

• It does not include controllers.

• It was not validated using real data from a mine.

The dynamic model is presented in section 5.3.3 attempts to address the limitations

of the static model by including the dynamic aspects in the system, incorporating

controllers, interpreting mining policies as controllers and validating the model using

open source data from a mine. The dynamic feedback model presents an example of

a noise monitoring model contextualized for drill operators who work in a deep gold
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Figure 5.10: Smart automated noise policy monitoring and feedback control system

for mine workers

mine in South Africa. This model can be used generically in the mines. It can also

be occupational specific to target the most affected career occupation in the mine for

instance drillers.

5.3.3 Dynamic Feedback model

The static model is refined by inclusion of dynamic aspects for example the Port

Hamiltonian model of the ear. Figure 5.10 shows a smart automated noise policy

monitoring feedback control system for mine workers. A mining employee represented

by (S4) working in an environment with noise intensity equal or greater than 85 dB

is expected to adhere to the mandatory code of conduct, summed up by the noise

policy in the mines as shown in (S2). One of the policies requires the employees

to wear hearing protection (S3). The employee undergoes a periodic hearing check

up (S5) conducted annually or biannually. For this system, it is proposed that

the check up should be done at a much shorter interval, for instance daily. The

information obtained from the check up is compared to the base line or reference

(S1). If the employee has experienced significant threshold shift from the baseline,

then, the mining administrators should apply other policies and the whole process

repeats again. For effective communication to happen between the employees and

the administrators, the information on the current state of hearing (daily threshold

shift), is sent to the administrator via a data processing unit (S6)
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Figure 5.11: The ear muff being used as an attenuator

5.3.4 Sub systems description

S1: Reference or baseline

This unit represents an individual who has not been exposed to occupational noise.

However, they are still affected by presbycusis represented by equation 5.1 . The

input to this system is noise at less than 85 decibels. The reference may be termed

as a moving reference since each year the individual grows older. The reference may

also be viewed as a Standard Threshold Shift (STS) of a mine worker when they are

first employed in that particular mining company [96].

S2: Controllers

Several controllers from basic to intelligent controllers may be used in the system and

when policy is changed, it is interpreted as change of a controller. Basic controllers

that may be used is the Proportional Integral Derivative controller (PID). Optimal

and robust controller for example LQR and H∞ may also be used. Intelligent

controllers for instance fuzzy logic and Artificial Neural Networks may be used to

effectively demonstrate how the correct choice of policy results in preservation of

hearing of a mine worker [96].

S3: Actuators

Hearing protection worn by the mine worker is interpreted as the attenuator. This

hearing protection could be the ear muffs or ear plugs. In the context of this research,

the ear muffs will be used as shown in figure 5.11 [96].
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To further understand the actuator subsystem as represented by the ear muff in

figure 5.11, details of the materials that the ear muff is made up of are provided.

Ear muff cup (Protector Shell): Solid material (Density 1200kgm−3, 1500ms−2 sound

velocity and 2mm thickness)

Air cavity: Homogeneous medium (1.21kgm−3 density, 34.3m s sound velocity.

Attenuation of hearing protection is represented by the following equation 5.10 [1],

[93]:

Att = 20Log

(
Pff
Pw

)
, (5.10)

where Att is the attenuation (Measured in decibels), Pff is the sound pressure in

free field without the muff and Pw is an ear muff.

S4: Plant

This is represented by a dynamic ear model. It could be probabilistic or a dynamic

ear model for example: Electrical circuit model, non-lumped parameter model and

finite element ear models. For this research, it is represented by an intergrated

Port-Hamiltonian model of the human outer, middle and inner ear.

S5: Check up

Most mine workers are checked annually or biannually. With this system the state of

hearing of mine work is done per second and the information sent to a data processing

and output unit. This output information is used to monitor the state of hearing of

a mine worker [97], [98].

S6: Data processing and Output system

The input to this unit is the mine workers’ currently measured threshold shift. S6 is

the output unit for the whole system. It is a measure of estimated hearing injury

or how far an individual has shifted from the baseline or reference. This output

measurement is further processed using the Internet Of things (IoT) to facilitate
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Figure 5.12: Noise monitoring data processing unit

effective communication between the mine workers and the mine administrators.

This is the unit that obtains the output from the main monitoring system and sends

the information to the administrator. All the data from the output is stored for

future reference and analysis. The system then groups the information for the mine

administrator based on the level of importance. For a miner worker experiencing a

significant THS for an extended period of time, for instance a week, the next step is

taken to ensure their hearing is preserved. This subsystem uses the IoT to ensure

immediate and rapid response to significant hearing threshold shifts. If a team of

mine workers is collectively being affected, an early intervention can be implemented

to ensure no further loss of hearing occurs, therefore illustrating the necessity of IoT

in the systems. The output information is constantly compared to the reference.

This ensures that the mine workers state of hearing is tracking the reference or the

baseline. Previously developed data processing and output system similar to the one

presented include [99], [100].

5.4 Results and discussion

Illustration of how the model works

A case scenario is used to illustrate how the model works. Consider three subjects

employed by a deep level mine as drillers. They are approximately the same age,

work under the same conditions of frequency and are exposed to the same noise

intensity. They work for eight hours a day. They have similar Standard Threshold

shift approximated to be the same. All subjects are provided with hearing protection

at the beginning of their career. Figure 5.15 shows how the threshold shifts of the

subjects vary over a period of two weeks. Details of a,b,c,d and e are provide in the

interpretation of the mining policies using control laws subsection.
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Figure 5.13: Flow diagram showing the flow of information, [99], [100]

Figure 5.14: Two week monitoring of threshold shift for three mine workers



Chapter 5 — Noise policy management model 86

MSHC expects when the subjects threshold shift is measured and compared to the

milestone baseline, there should be no average change of hearing of 10 dB at the speech

frequencies [97]. From figure 5.15, subject 1 needs no further hearing management as

long as there is continuous adherence to the rules and regulations pertaining to noise

policy and wearing of Hearing Protection Devices (HPD). Subject 2 when compared

to the milestone baseline, their hearing threshold shifts progressively. It increases and

overshoots to above 25 dB, therefore violating the 2014 MHSC milestones targets.

This employee has to be called by management to establish if the hearing loss is

work related. If it is, then a thorough check up is to be conducted by the medical

personnel. The employer also has the opportunity to investigate if the worker’s

hearing protection is functioning properly and provides sufficient noise attenuation.

The hierarchy of controls to limit exposure to significant levels of noise in the work

environment is employed [97].

Subject 3, has Significant Threshold shift occurring in two peaks, then experiences a

recovery. It is established that the subject’s threshold shift is not work related. The

employee is to undergo counselling and training to understand the danger of exposure

to continuous noise that is equal to or greater than 85 dB without wearing hearing

protection or sufficient protection. This is aimed at encouraging the employee to

take responsibility for his hearing health.

The three employees are used to demonstrate how the feedback based dynamic

model can be used to inform the administrators early on the state of hearing of

each employee, therefore resulting in an early intervention. The three employees,

had not experienced a permanent threshold shift during the two weeks. Thus, close

monitoring plays a role in flagging the issues related to noise induce hearing loss

that they were already experiencing. The model allows for an early intervention

to be conducted on the employees hence it results in preservation of their hearing

while saving the mining company from future law suits [101]. When subjects are

working in an environment of noise intensity that is greater than 85 dB, then the

mandatory code of practices, agreed milestones from MHSC and STS have to be

observed. Constant monitoring of their employees would ensure adherence to set

governmental rules and regulations.

Explanation of how the controllers work

From figure 5.15, the mining policies from the mandatory code of conduct and set

milestones can be interpreted using a control law. (a) corresponds to the STS,
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Figure 5.15: Interpretation of different controllers as policy

measured when a mine worker is employed as required by the regulations [97]. For

this particular subject, their threshold had shifted by 5 dB when they started to

work as drill operators. (b) indicates the 25 dB milestone target for the mine workers.

MHCS. The target is to ensure that no worker experiences a threshold shift of more

than 25 dB. When intelligent controllers like fuzzy logic are used to control the

system, the baseline or the reference is closely tracked. This corresponds to a mine

worker who has several noise policies imposed on them to ensure that their threshold

shift is not significant. This mine worker wears personalised hearing protection and

is constantly monitored to ensure that they are wearing their hearing protection

constantly. (c) Is mine worker with sufficient hearing protection and his threshold

shift closely follows the baseline (d) shows a mine worker who has basic policy applied

of wearing the hearing protection provided by the mine. Their Threshold shift is

far off from the base line and an intervention will soon have to be made. This

corresponds to the LQR controller. (e) corresponds to a mine worker who is currently

not using their hearing protection, hence their threshold shift continues to increase

without recovering. This mine worker is likely to experience permanent threshold

shift resulting in permanent hearing loss. This corresponds to the PID controller.
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5.5 Machine learning techniques for noise policy man-

agement model

Machine learning techniques which include clustering and classification of a new

employee can be used to further improve the use of data obtained from the noise

policy management model. The mine workers can be clustered using K - means to

determine their hearing properties. Logistic regression, support vector machines,

decision trees and random forest classification techniques can be applied to classify

the mine workers. Depending on the classification of a mine worker which is based

on the base line and future threshold shift,recommendations to suitable mining tasks

would be made by the administrator. This would act as one way of using the model

to administer early intervention.

5.6 Conclusion

A novel smart automated noise policy monitoring and feedback control system for

mine workers has been presented. The key contribution to this uniqueness is the

dynamic feedback noise policy formulation as a feedback controller. A further novelty

is a smart processing web based display of results using the IoT paradigm. This

model includes a demonstration of how the Port-Hamiltonian model of the human

outer, middle and inner ear can be used within a feedback system in measurement of

ONIHL.
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Chapter 6

Recommendations and conclusions

6.1 Chapter overview

This chapter provides the conclusion to the work done in the development of a

Port Hamiltonian model of the outer, middle and inner ear and its applications. It

concludes and summarizes the main findings of the study. The summarised findings

from this work are provided in section 6.1. The summarised contribution in section

6.2 and the proposed future work is suggested in section 6.3

6.2 Summary of findings

This study confirmed that the Port Hamiltonian method is a valid technique for

modelling the human outer, middle and inner ear. It was also shown that threshold

shift of a mine worker can be estimated using a feedback system which includes

the hearing protection for the mine worker and the policies that govern the allowed

frequencies, noise intensity and duration of exposure.

6.3 Summary of contributions

The main contributions to knowledge in this research are:

• Development of a comprehensive integrated Port - Hamiltonian model of the

human Outer, middle and inner ear that can be used for estimation and
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assessment of noise induced hearing loss.

• Unique application of this Port-Hamiltonian model as a noise policy manage-

ment feedback model.

The significance of the developed Port - Hamiltonian model is that it may be

used for monitoring and providing early intervention for Noise Induced Hearing

Loss for the mines.

6.4 Future research

The following are the recommendations to improving this work in future:

6.4.1 Port Hamiltonian model of the human outer, middle and in-

ner ear

• The pinna has the behaviour similar to a reflecting dish and directs sound

towards the ear canal. This work can be remodelled to include the effects of

the pinna at the speech frequencies

• The ear drum or tympanic membrane can be modelled as concave shape and

terminating at the ear canal at approximately 40 degrees slanted angle

• pressure of the sound wave on the tympanic membrane which is boosted by a

factor of thirty by the incus, malleus and stapes can be considered

• The cochlea can be modelled as a fluid filled, snail shaped cavern

6.4.2 Noise policy feedback management model

In future, a working prototype will be built and tested in a mine set-up to monitor

occupational noise induced hearing loss and provide early intervention.

6.5 Conclusions

A Port Hamiltonian Model of the human outer, middle and inner ear has been

presented. The built model is based on a dirac stucture and has the advantage of
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being capable of producing simulation results in a shorter period of time for complex

systems. The integrated human ear model’s application is demonstrated by the

development of a noise policy management model for mine workers in South Africa.

The data obtained from the data processing and output unit of the noise policy

model is further processed using machine learning techniques resulting in a unique

system that can be used to monitor mine workers in the mine and provide early

intervention.
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Appendix A

Appendix

A.1 Introduction

This Appendix provides the ethical clearance that grants this research the permission

to publish results obtained from the investigation

Figure A.1: Ethical clearance certificate.
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Table A.1: U , V , L0, and Yl

Frequency U v L0

(Hz)

500 -0.033 0.110 93

1000 -0.020 0.070 89

2000 -0.045 0.066 80

3000 0.012 0.037 77

4000 0.025 0.025 75

6000 0.019 0.024 77

Table A.2: K values

K Q K Q

5 1.645 50 0

10 1.282 95 1.645

15 1.036 90 1.282

20 0.842 85 1.036

25 0.675 80 0.842

30 0.524 75 0.675

35 0.385 70 0.524

40 0.253 65 0.385

45 0.126 60 0.253

55 0.126

Table A.3: Xu, Yu, Xl, and Yl

Frequency Xu Yu Xl Yl

500 0.044 0.016 0.033 0.002

1000 0.022 0.016 0.020 0.000

2000 0.031 0.016 0.016 0.000

3000 0.007 -0.002 0.029 -0.010

4000 0.005 0.009 0.016 -0.002

6000 0.013 0.008 0.028 -0.007
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Table A.4: Coefficient of ”a” values

Frequency a(dB/year2) a(dB/year2)

Hz Males Females

125 0.0030 0.0030

250 0.0030 0.0030

500 0.0035 0.0035

1000 0.0040 0.0040

1500 0.0055 0.0050

2000 0.0070 0.0060

3000 0.155 0.0075

4000 0.0160 0.0090

6000 0.0180 0.0120

8000 0.0220 0.0150

Table A.5: bu and bl values

Frequency Males Females Males Females

Hz Bu Bu Bl Bl

125 7.23 6.67 5.78 5.34

250 6.67 6.12 5.34 4.89

500 6.12 6.12 4.89 4.89

1000 6.12 6.12 4.89 4.89

1500 6.67 6.67 5.34 5.33

2000 7.23 6.67 5.78 5.34

3000 7.78 7.23 6.23 5.78

4000 8.34 7.78 6.67 6.23

6000 9.45 8.90 7.56 7.12

8000 10.56 10.56 8.45 8.45
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A.2 Conclusion

This research has resulted in a total 10 journal papers being published from the

presented work. 7 Journals are extracted directly from the presented work and 3

journal papers were published from the related work.
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Appendix B

Port-Hamiltonian systems

B.1 Introduction

This appendix provides a summary of the Port-Hamiltonian approach. The Port-

Hamiltonian frame work permits for systems to be defined by the interconnection of

components from different physical domains [102, 103].

B.2 Importance of the pH system theory

It is always desirable in control to be able to reach at a physical interpretable

control law for a given nonlinear problem. The Port-Hamiltonian framework provides

controllers that dissipate or even store energy (energy shaping) [102, 103].

B.3 Port-Hamiltonian methodology

The work constitutes of three important theories [102, 103]:

• Port based modelling

• Geometric mechanics

• Systems and control theories
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B.3.1 Port-based modelling

Port-Hamiltonian approach provides a unified framework for modelling systems from

different physical domains. Energy which is universal can be stored, dissipated or

routed through ports in the system. Bond graphs are used to provide a graphical

representation of these physical systems [102, 103].

B.3.2 Geometric mechanics

Port-Hamiltonian model is coordinate independent. Hamiltonian systems can be

represented without using coordinates. A Dirac structure is the geometric object

used represent the interconnection. An interconnected Dirac structure is also a Dirac

structure. Using geometric mechanics core attributes of the complex system can be

analysed [102, 103].

B.3.3 Systems and control theory

Systems can interact with the environment and are affected/interact with controllers

[102, 103].

B.4 Fundamental structure of Port-Hamiltonian systems

B.4.1 Dirac structures

Informal definition of a Dirac structure

Given a Hamiltonian H(x) = K(x) + U(x), where K, U and x are the kinetic energy,

potential energy and state variables, respectively, the flows f and efforts e are defined

as [102, 103]

f = ẋ, e = ∇xH (B.1)

where ∇x is the gradient of the Hamiltonian along the state x. The power is the

product of the flows with their respective efforts, for example. For example, in

electric circuits, power, P = V I, that is, the product of voltage, V with current I.

The state variable (flow) is current and the effort is voltage. These elements are

interconnected by the Dirac structure.
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Formal definition of a Dirac structure

Definition 6. The subspace D ⊂ F × E is a Dirac structure provided that [103]

• for all (f, e) ∈ D, 〈e|f〉 = 0

• dimD = dimF

where F is a linear space and E = F∗, F is a linear space that is finite in dimension.

Given matrices F and E each having dimension n× n so that [103]

EF T + FET = 0 (B.2)

rank(F |E) = n (B.3)

The image and kernel representations of a Dirac structure are [103]

D =
{

(f, e) ∈ F × E|λ ∈ Rn, f − ETλ, e = F Tλ = 0
}

(B.4)

and

D = {(f, e) ∈ F × E|Ff + Ee = 0} (B.5)

respectively, where (e, f) = eT f .

B.5 Example

This example illustrates the application of the Port-Hamiltonian technique and

interconnection of the Dirac structure. Consider the simple LC circuit diagram

given in figure B.1[103]. Assuming the inductor and all capacitors are linear, their

dynamics are expressed as [103]

ϕ̇ = −VL,

q̇1 = −I1 (B.6)

and

q̇1 = −I1 (B.7)

where ϕ is the magnetic-flux, VL is the voltage across the inductor, q1 and q2 are the

charges stored and I1 and I2 are the currents flowing through capacitors 1 and 2,

respectively.
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Figure B.1: Simple LC circuit diagram

Applying Kirchhoffs laws (These are the interconnection equations), one obtains

[103],

IL + I1 + I2 = 0

VL = V1 = V2 (B.8)

where V1 and V2 are the voltages across the capacitors. which can be written in

terms of charge and capacitance [103]

V1 = q1/C1

V2 = q2/C2 (B.9)

Since voltage is equal across capacitors in parallel (V1 = V2) [103]

q1/C1 = q2/C2 (B.10)

the state equations are [103]
q̇1

q̇2

ϕ̇

 =


0 0 0

0 0 1

0 −1 0



q1/C1

q2/C2

ϕ/L

+


−1

1

0

λ

0 =
[
−1 1 0

]
q1/C1

q2/C2

ϕ/L

 (B.11)

where λ is a Lagrange multiplier.

This system can be expressed in the image representation of the Dirac structure [103]

D =

{
(f, e) ∈ R3 × R3|f =

[
f1 f2 f3

]T
, e =

[
e1 e2 e3

]T
,

−f =


0 0 0

0 0 −1

0 1 0

 e+


1

−1

0

λ, 0 =
[
−1 1 0

]
e

 (B.12)
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or the kernel representation by eliminating the Lagrange multiplier [103]

D =

{
(f, e) ∈ R3 × R3|f =

[
f1 f2 f3

]T
, e =

[
e1 e2 e3

]T
,

1 1 0

0 0 1

0 0 0

 f +


0 0 −1

0 1 0

1 −1 0

 e =


0

0

0


 (B.13)

B.6 Modelling Port-Hamiltonian systems

This is presented in chapter 4 of this dissertation starting with mathematical pre-

liminaries then followed with a systematic modelling of the outer, middle and inner

human ear.
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