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ABSTRACT 

This thesis aims to investigate alternative design approaches and apply scientific knowledge 

to the mechanical design of universally fitting hearing aid products. Issues related to 

universal hearing aid design have been identified and the areas of shape design and venting 

have been explored. Proposed is an alternative multiple venting configuration incorporating 

multiple small acoustic vent paths. 

In order to design universal hearing aid products one must first have an understanding of the 

variation in ear shape of the population. A statistical shape model has been employed to study 

the shape variation within a set of 60 left and 49 right ears. From this, a set of quantified 

design requirements of a universally fitting hearing aid product have been identified. 

The sound transmission properties of multi-vented samples have been tested in a custom 2cc 

coupler. The effects of vent number, size and length as well as sample material have been 

investigated. Additional small scale real ear testing has been performed to assess the real ear 

effects of multiple venting configurations. Finally, a 3D CAD model is given outlining how a 

multiple vented hearing aid may be achieved and the spatial design advantages provided. 

Results show, with increasing vent number and vent diameter there is an upward shift in vent 

associated resonance. Decreasing vent number, decreases the magnitude of the vent 

resonances observed. In general, smaller vents require greater area to exhibit similar low 

frequency transmission properties, but are less prone to vent associated Helmholtz 

resonances. High frequency attenuation important for feedback performance is found to be 

dependent on total vent area, but not on the size of the vents used. We would expect multiple 

vented earmoulds to have similar feedback performance but poorer occlusion performance to 

traditional single vented samples with the same area of venting. However, although multiple 

venting may require a greater amount of physical space, the small nature of the multiple vents 

means that there are more options to how these vents may be used. This design flexibility has 

been identified as the major advantage of multiple venting configurations. 
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CHAPTER ONE 

INTRODUCTION 

Studies of adults aged 17 to 80 years and 15+ years in the UK and Australia respectively 

indicate that approximately 1 in 6 people suffer from some form of hearing loss [1, 2]. 

However approximately 75 to 80% of people who could benefit from hearing aids do not use 

them [3, 4]. Studies considering the satisfaction of hearing aid users have identified issues 

such as maintenance, cost, feedback, occlusion, performance in noisy environments, comfort 

and issues to do with manual dexterity as barriers to hearing aid use [5-7]. Cox and 

Alexander [5] developed a Satisfaction with Amplification Daily Life (SADL) scale that 

considered factors that affect overall hearing aid satisfaction. The lowest satisfaction was 

shown when users had hearing aid related problems with performance, such as feedback, 

usage with phones and background noise. Dynamic Assessment of Hearing Aids (DAHA) 

has shown similar trends to the SADL with lower user satisfaction with communication on 

most phones, conversation in groups, whistling/squealing, cost, maintenance and distortion 

[7]. While development of hearing aids through digital signal processing continues and may 

address some of these current issues with performance and sound quality, an understanding 

of physical hearing aid design and its effect on acoustic performance is also important. 

A review of hearing aid design has identified a number of traditional hearing aid styles 

ranging from behind-the-ear (BTE) to small deep fitting completely-in-the-canal (CIC). Each 

comes with their advantages and disadvantages for meeting the needs of the hearing 

impaired. Primarily these designs differ in only their depth within the ear. A certain hearing 

aid design paradigm has existed within these traditional hearing aid designs. Design elements 

such as custom acrylic or silicone based ear shells with a single pressure equalising vent exist 

within this paradigm and are standard on most hearing aids. Studies and research in the fields 

of design and manufacture of hearing aids focus on modification or optimisation of hearing 

aid designs within the existing design paradigms. 



2 Introduction 

The last ten years has seen a shift in this paradigm with the development and now high 

market penetration of “open-fit” hearing aids made possible through the use of digital 

feedback management [8, 9]. Open fitting hearing aids such as receiver-in-the-aid (RITA) 

and receiver-in-the-ear (RITE) or receiver-in-the-canal (RIC) provide minimal blocking of 

the ear canal to improve occlusion performance and rely on effective electronic feedback 

management to avoid feedback issues. However digital feedback cancellation has practical 

limits on the additional gain made available, which restricts open-fit hearing aids to those 

with mild to moderate hearing loss [8, 9]. Entrainment artefacts introduced by digital 

feedback management may have a negative impact on sound quality, particularly for tonal 

inputs such as music [10, 11]. While these open fitting devices have improved occlusion and 

own voice characteristics, there is some significant compromise in performance (e.g. 

feedback and the effects of the digital feedback management). As a result, open fitting 

hearing aids are not able to provide the amplification and sound quality needs of many 

hearing impaired individuals. 

1.1 Objectives 

It is the objective of this thesis to investigate alternative design approaches and apply 

scientific knowledge to the mechanical design of universally fitting hearing aid products. 

This includes: 

 Review of current hearing aid design and the issues related to hearing aid design

 Study and quantification of the shape variation of the human ear within the population

and provide some design requirements of a universally fitting hearing device

 Development and acoustical testing of an alternative multiple venting hearing aid

design

 Investigate the spatial feasibility and design flexibility provided by a multiple vented

hearing aid design
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1.2 Thesis Organisation 

This thesis focuses on the physical design of universal style hearing aids though the 

investigation of the physical shape variation of the human ear and the application of a novel 

hearing aid multiple venting approach. Chapter 2 overviews current hearing aid design and 

the issues affecting hearing aid design. Chapter 3 looks at an approach to shape design 

through statistical shape modelling to provide design constraints for universally fitting 

hearing products given the ear canal shape variation in the population. Chapter 4 includes 

investigations into alternative multi-vented configurations and their implication on the issues 

of occlusion effect and feedback. A viscothermal model has also been undertaken to assess 

whether this may be used for future assessment of venting performance. Finally, Chapter 5 

addresses the spatial design considerations of a multi-vented hearing aid and the design 

flexibility provided therein. 



CHAPTER TWO 

BACKGROUND 

2.1 The Human Ear 

The human ear is conventionally divided into 3 sections, the outer, middle and inner ear. The 

outer visible cartilaginous part of the ear is known as the auricle or pinna (Fig. 2.1). It serves 

to funnel sound into the ear canal and its specific shape provides sound directionality and 

natural audio filtering. The helix forms the perimeter of the ear extending down to the ear 

lobe at the bottom. The portion at the centre of the ear that has the entrance to the ear canal or 

external auditory meatus is called the concha. It is split into two distinct areas the cymba 

concha and the cavum concha by the crus of the helix. The anti-helix forms the rim of the 

concha down to the tragus and anti-tragus at the bottom of the ear. The tragus is a small fold 

of cartilage tissue that extends over the meatus and is used in traditional earbud design to 

secure the earbud in the concha against the anti-tragus and anti-helix [12, 13].  

The external auditory meatus (commonly known as the ear canal) is the auditory tube running 

from the pinna to the tympanic membrane (eardrum) and middle ear. The outer one third to a 

half of the ear canal consists of a cartilaginous soft tissue while the remaining canal consists 

of a bony or osseous portion [13-15]. The skin in this osseous portion of the ear canal is very 

thin (approximately 0.2mm) and contains no subcutaneous layer attaching directly to the 

perichondrium. As a result, this area is particularly sensitive to touch and is susceptible to 

irritation and bleeding [13]. The soft tissue of the cartilaginous portion is highly deformable 

and contains hair follicles and ceruminous glands with approximately one to two thousand 

glands in a healthy ear. 
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Figure 2.1. Anatomy of the Human Ear 

These ceruminous glands are sweat producing glands similar to the apocrine glands (sweat 

glands) in the axilla (underarm) that combines with the sebum produced by the sebaceous 

gland and dead epithelial cells to produce cerumen or earwax. Shelley and Perry have shown 

that these glands responded to mechanical stimuli secreting more when stimulated. This has 

been explained in terms of a mechanical “milking” of the gland [16]. The author believes this 

to be describing a form of biotribological system whereby the mechanical stimulation causes 

the biological release of sweat from the gland allowing for more formation of cerumen, a 

natural lubricant. This would reduce discomfort caused by friction against the ear canal wall 

and aid in the removal of the obstruction. Cerumen’s other main function is to clean the ear 

canal by trapping foreign particles and dead skin cells and transporting them out of the ear 

canal [17].  

The ear canal itself forms a complex shape with a large amount of variability between 

subjects. Generally the ear canal forms an S bend type shape consisting of two distinct bends. 

These bends are labelled the first and second bend, lateral to medial and are most easily 

observed when viewed from a transverse cross section of the ear (Fig. 2.2). From the ear 

canal entrance to the first bend the ear canal extends medially and anteriorly. There is a 

considerable narrowing of the ear canal here as the inferior wall of the canal rises. At the first 
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bend, the ear canal turns coming back on an angle superiorly and slightly posteriorly. The 

second bend occurs roughly at the bone cartilage junction and beyond this the ear canal 

continues in roughly a medial direction. Obtaining silicon or cast impressions of the ear 

beyond the second bend is difficult, so the variability in morphology of this area is less well 

understood [12, 13]. 

Figure 2.2. Diagram of the external auditory meatus transverse section with first and second 
bends shown adapted from Gray’s Anatomy [18] 

2.2 Ear Canal Activity 

Studies have shown that the shape and size of the human auditory canal changes with 

articulation of the jaw during eating and speaking [12, 14, 19]. As the mandible opens, the 

condyle or pivot point of the jaw located just anterior and medial to the first and second bend 

of the ear canal, first rotate and then translate to allow for this motion. Generally this motion 

is an anterior and inferior translation following the articulating surface of the articular 

eminence causing a pull on the soft cartilaginous tissue and an expansion of the ear canal. As 
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a result, the greatest deformation occurs on the anterior wall of the ear canal between the first 

and second bends [14, 15]. 

However, the temporomandibular joint is a very complex and mobile joint giving the jaw its 

high degrees of freedom needed for both speech and mastication. Studies have shown 

approximately 25% of people experience compression of the ear canal during jaw opening 

[12, 19]. Small sample studies on jaw articulation have shown horizontal and vertical 

translation in the condyle during speech in the order of 2.5 to 14.5mm and 1.2 to 4.2mm 

respectively [20-22]. Greater displacements are also observed during mastication and loud 

speech [21]. 

The active nature of the ear canal poses considerable design issues to obtaining a good fit and 

acoustic seal with the ear. Widening of the ear canal during jaw opening is likely to lead to 

venting and loss of acoustic seal and possibly acoustic feedback in hearing aid applications. 

Furthermore this motion may dislodge the device in the ear into an uncomfortable position or 

slowly work the device out of the ear canal. This is further complicated by the activity of the 

two ear canals potentially being asymmetric within an individual due to the asymmetrical 

wearing of the temporomandibular joints [14, 19]. 

2.3 Design Issues 

It is commonly reported that about 1 in 10 people have some form of hearing loss. Indeed 

studies from the US, Europe, Australia and New Zealand showed that between 1 in 10 to 1 in 

6 people suffer from some form of hearing loss and may benefit from the use of a hearing aid 

[1, 2, 4, 23-29]. However approximately 60-80% of people who could benefit from hearing 

aids do not use them [3, 4, 28, 29]. Studies on satisfaction of hearing aid users have identified 

issues such as maintenance, cost, feedback, occlusion, performance in noisy environments, 

comfort, naturalness of sound and issues to do with manual dexterity [5-7, 30, 31]. Cox & 

Alexander [5] have developed a Satisfaction with Amplification Daily Life (SADL) 

questionnaire looking at factors that effected overall hearing aid satisfaction. The subclass 

with the lowest satisfaction were shown to be the negative or problematic features of the 
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hearing aid such as feedback, usage with phones and background noise. Dynamic Assessment 

of Hearing Aids (DAHA) exhibited similar trends to SADL with lower satisfaction in areas 

such as communication on most phones, conversation in groups, whistling/squealing, cost & 

maintenance and distortion [7]. The most recent MarkeTrak VIII (2009) and MarkeTrak VII 

(2005) studies focused on recent hearing aids no older than 4 and 6 years respectively have 

identified the areas of signal processing and sound quality to be most important for overall 

hearing aid satisfaction [30, 32]. Own voice occlusion issues have been placed in the top ten 

factors correlated with hearing aid satisfaction of recent (less than 4 year old) hearing aid 

devices [30], and feedback has been identified as a key reason for returning hearing aids 

along with poor benefit, background noise and poor value [31]. Overall there seems to be 

moderate to good satisfaction in other areas such as improving confidence, physical features 

and personal image. 

2.3.1 Occlusion/ Feedback 

Important factors in hearing aid design are occlusion and acoustic feedback and the 

relationships that exist between them. In acoustic design of hearing aids, occlusion and 

feedback are opposing design constraints in that increasing vent size reduces occlusion while 

increasing chances of feedback. 

The occlusion effect (OE) is the perceived increase in low frequency sounds particularly of 

one’s own voice due to occlusion of the ear canal. During speech, low frequency sound 

energy is transduced through the condyle of the jaw to the medial bony portion of the ear 

canal. This bone conduction occurs whether or not the ear canal is occluded, but occlusion 

blocks the escape of the air-borne sound and causes a build-up of these low frequency sounds 

increasing the wearer’s perception [33-35]. Those with good low frequency hearing are 

mostly likely to experience these own voice problems with occluding devices. The occlusion 

effect is not to be confused with ampclusion which is caused by the relative over 

amplification of the user’s own voice compared to others due to the proximity of the hearing 

aid to themselves [33]. The two main ways of reducing the occlusion effect are to (a) let the 

low frequency sound out of the ear or (b) vary the position of the occluding device. 
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The traditional method to reduce occlusion is to provide a pressure equalising vent path 

within the earmould to allow some low frequency sound out. Venting has been common 

practice amongst hearing aid manufactures to deal with the issue of occlusion since 1942 

[36]. However venting is also a major acoustic feedback path in hearing aid design and limits 

available gain important for speech recognition. It has been shown that, wider and shorter 

vents provide more occlusion relief with the best results from non-occluding soft ear tips [33, 

37-44]. However this occlusion relief comes with an increased risk of feedback and thus a 

decrease in available gain. Feedback occurs when the amplification provided is greater than 

the attenuation of the sound traveling back to the microphone. Acoustic feedback itself 

presents as a high pitch squeal or whistle occurring at the resonant frequency of the hearing 

aid system. In the design of hearing aids occlusion and feedback are often seen as opposing 

design constraints. It should be noted however, that feedback is largely a high frequency 

effect and occlusion is largely a low frequency effect. 

From a practical point of view, reducing hearing aid vent length is not always an option. As 

such, traditional hearing aid fitting involves finding a vent that is as large as possible to 

minimise occlusion without compromising high frequency gain needed for the individual. 

This can be assessed using probe tube microphone real ear measurements. Sound pressure 

inside the ear canal can be compared with the incident sound pressure outside the ear across 

the frequency band typically between 200 and 1000Hz. The extent to which an earmould 

blocks incident sound can be measured via real ear occluded response (REOR). The REOR 

can be obtained with the hearing aid in situ but turned off and compared to the unaided and/or 

aided condition to measure vent contribution to the acoustic response. The REOR is a 

measure of the degree to which sound is transmitted to the ear and not a measure of bone 

conduction occlusion effects. 

Occlusion may also be reduced by positioning the device deep within the ear canal into the 

firm bony region. This is due to the fact that the vibrations in the cartilaginous tissue produce 

greater volume velocity of air within the canal and thus increased occlusion effect [34, 35]. 

By providing a deep seal onto this region, reduced tissue vibration and consequently 
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occlusion effects may be obtained, however issues with fit comfort and acoustic seal often 

arise. 

2.3.2 Physical Fit and Acoustic Seal 

Obtaining a good ‘fit’ and ‘acoustic seal’ within the ear is a critical factor in the design of 

hearing devices. In this case we refer to fit as the comfort and retention within the ear and 

acoustic seal as the ability to seal the ear canal providing effective attenuation of sound into 

and out of the ear canal. Adequate acoustic seal is important for passive cancellation of 

ambient noise and feedback reduction in hearing aids. Due to the occlusion effect, venting is 

often required in hearing aids. However a good seal is also required to avoid excessive 

leakage of sound and further feedback [19]. Other hearing devices in which occlusion may 

not be such an issue, such as earphones and particularly noise cancelling and noise isolating 

earphones, have greater need for good acoustic seal. 

Fit and acoustic seal are related, and are affected by shape and activity of the ear canal. 

Hearing aid manufacturers primarily deal with the issues of shape and fit though 

customisation of hearing aids from ear impressions. This is a costly and time-consuming 

process not afforded by other hearing technology sectors. Commonly, earmoulds are built up 

to be slightly larger than the ear. Macrae (1991) has shown this improves acoustic seal whilst 

providing a tighter fit [45]. However, heavily built up ear moulds were also found to be 

significantly less comfortable than non built up ear moulds [45]. 

The earphones and consumer electronic markets tend to attempt to deal with these issues by 

providing the user with a series of soft tips of different sizes. Most designs do little to provide 

for the ear canal shape and its activity. In the ear consumer electronic devices acceptance 

varies with many preferring more comfortable custom made in ear monitors or over the ear 

products (eg circumaural headphones or supraaural headphones) [46, 47]. 
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2.3.3 Impacted Cerumen 

Impacted cerumen is where cerumen builds up in the ear canal obstructing the sound waves 

propagating down the ear canal to the tympanic membrane. This is generally experienced as a 

gradually increasing high frequency threshold and only when fully occluded is there a 

significant impact on the lower frequencies. Population groups particularly susceptible to 

impacted cerumen include the elderly and the mentally disabled with incidence rates of 35% 

and 28-34% respectively [48-50]. See Roeser (1997) for a detailed review of statistical 

studies of these populations [48]. 

While the reason for high rates of cerumen impaction in the mentally disabled is largely 

unknown, the aging and degeneration processes within the ear canal may be used to describe 

the high occurrence amongst elderly. As the ear canal ages, the cerumen becomes harder with 

a larger proportion of keratin due to a decrease in the number and activity of ceruminous 

glands. Furthermore as the ear ages, hair cells coarsen and degeneration of cilia cause them to 

become coarse and stiff, resulting in less effective migration of cerumen out of the ear canal 

[48-50]. 

Obstruction in the ear canal further complicates hearing aid design and care must be taken to 

prevent damage to the device by cerumen. It has been reported that 60 to 80 % of all hearing 

aid repairs occurred as a result of cerumen build up in the sound bore resulting in a loss in 

performance [14]. In the design of hearing devices, cleaning and removal of cerumen needs 

consideration, for protecting important electronic and acoustic components of the hearing aid, 

using design features such as wax guards. The moist, oily and slightly acidic nature of 

cerumen (typically pH 6.1) makes it particularly difficult to design for [51]. Plastics tend to 

discolour, become brittle and break down over time and adhesives tend to soften and dissolve 

due to the oily nature of the cerumen. 
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2.3.4  External Otitis and other Infections 

External otitis (commonly known as ‘swimmers ear’) is a bacterial infection of the ear canal 

and occurs when unique bacterial fauna of the ear canal is unbalanced. The bacterial flora of 

the normal ear primarily consists of gram positive staphylococci and coryneform bacteria. For 

a complete microbiological study of the bacterial flora of the normal human ear see Stroman 

et al (2001) [52]. Whilst external otisis may be caused by a bacterial infection of any 

pathogenic bacteria, strains such as Pseudomonas aeruginosa have been identified as major 

predominant isolates [52, 53]. The warm, humid conditions occurring within the ear make it 

particularly susceptible to bacterial and fungal infections. Hearing devices pose a risk not 

only in that they provide a means of transfer of harmful pathogens into the ear, but also seal 

the ear promoting bacterial growth. Studies on bacterial transfer from shared use of both 

earphone and stethoscope earpieces have shown potential aural hygiene risks of these devices 

[54, 55]. 

2.4 Development of Modern Hearing Aids 

Early 17th century hearing aids were merely conical devices used to direct sound waves into

the ear. These impedance matching devices called ear horns or ear trumpets worked by 

providing natural amplification of sound in a similar way to cupping one’s hand to the ear. 

The first electronic body worn hearing aids were developed in the early 1900’s by Dr Miller 

Reese Hutchison of the Edison Laboratory and Dr Harvey Fletcher of Bell Laboratories [36, 

56, 57]. Hearing aids based on carbon microphones were then succeeded by vacuum tube 

hearing aids with improved performance. However these early devices all suffered from low 

acoustic output, limited frequency responses and remained quite bulky, requiring large 

battery power supplies. The first instance of incorporating venting in hearing aid design was 

by Grossman in 1942 [36] and this has since become the standard practice for fitting hearing 

aids. It was not until the advent of electronic transistor hearing aids in 1952 that modern 

electronic hearing aids as we know them were first developed. Transistors aids could be made 

much smaller than vacuum tube or carbon hearing aids, which decreased power demand. This 
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combined with advances in battery cell technology allowed lighter, longer lasting and more 

reliable hearing aids [36, 56, 57]. 

The first hearing aid with digital signal processing was a body worn hearing aid developed in 

a multimillion dollar project by Nicolet Instrument Corporation called Project Phoenix [58]. 

However due to it’s high cost and body aid form, the Phoenix aid was not commercially 

successful. The first commercial fully digital in-the-ear hearing aids became available in the 

mid 1990’s with the introduction of the Widex Senso and Oticon Digifocus in 1996 [59]. 

These hearing devices benefited from rapid advances in the areas of integrated circuits 

providing the potential to improve audio response through digital processing on a size and 

budget scale appropriate to hearing aids. Many of the early so called digital hearing aids were 

in fact digital/analogue hybrids incorporating digital programmable logic to control analogue 

signal processing. These allow the user to have a set of useable programs that may be 

selected based on the individual user and the environment in which they find themselves. 

True digital hearing aids require three distinct processes: a) a sampling and converting of the 

analogue signal though an analogue to digital converter  followed by b) some digital signal 

processing and then transformation back to analogue sound waves through c) a digital to 

analogue converter (Fig. 2.3). Technologies were built off military technology from WWII 

using vacuum tubes to digitise audio signals in order to provide digital encryption for 

communications. To achieve this, the audio signal was filtered into a number of different 

audio bands. These signals were then sampled and digitised to binary form that could be 

easily encoded [60]. 

Figure 2.3. Block flow diagram of a traditional digital hearing aid and the processes 
involved. 
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Traditional pre and post anti-aliasing and anti-imaging analogue low pass filters were 

required in order to eliminate errors introduced at high frequencies related to Nyquist-

Shannon sampling theory. More recent digital hearing aids take advantage of low power 

digital to digital operations of class D amplifiers over conventional digital to analogue 

converters [61]. The receiver then acts as a low pass anti-imaging filter and smoothes the 

square wave output of the amplifier to an analogue sound wave. Advancements in the areas 

of integrated circuit technologies soon began to increase the speed of digital logical devices. 

This was important for digital signal processing in hearing aids as audio signals must be 

processed in real time and at high enough sampling rates to obtain adequate fidelity [61]. 

Current digital signal processing chips are capable of performing large numbers of 

computations and have allowed for complex audio programming for things such as 

background noise reduction, distortion control, acoustic feedback control, adaptive 

directional microphones, frequency shifting and higher precision filters [60, 61]. 

Digital feedback control has been a significant stride forward in the hearing aid market 

allowing for more flexibility in the design of hearing aids. This is particularly important for 

in-the-ear (ITE) and CIC hearing aids, where feedback due to close proximity of the 

microphone to the speaker was a limiting factor. Furthermore larger vents and open fittings 

were able to be used with increased high frequency gain before feedback. 

As a result of such signal processing techniques and miniaturisation of electronic 

componentry, there has been a general trend to make hearing aids smaller and less 

conspicuous within the ear canal. This has led to a number of different hearing aid designs 

with varying depth in the ear canal, that are selected by the customers based on their inherent 

advantages and disadvantages and their personal preferences. For a more complete review of 

the historical evolution of the hearing aid through the acoustic carbon vacuum tube transistor 

and digital eras, see the review by Lybarger [36]. 
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2.5 Types of Modern Hearing Aids 

Behind-the-ear (BTE) hearing aids have the electronic components of the aid in a plastic 

housing sitting behind the pinna of the ear. Acoustic conduction through a small tube leads to 

an acrylic or silicon ear mould directing the amplified sound into the ear canal. By separating 

the electronic component from the ear, damage due to moisture or cerumen impaction is 

significantly reduced, improving durability. The large housing also facilitates the use of 

larger batteries, manual controls and connections to external audio devices though 

technologies such as Bluetooth®. Furthermore, fewer electronic components in the earmould 

mean larger vents may be incorporated in the ear mould for more open fittings suited for 

those with limited low frequency hearing loss. BTEs are also commonly used for children as 

they provide greater ear protection and resizing with growth does not involve costly 

replacement of electronics. However, the frequency response of BTEs are affected by the 

sound conduction through the tube creating somewhat peaky responses. Smaller variants 

designed to be hidden behind the ear to improve the aesthetics are often called mini BTE or 

on the ear (OTE) (Fig. 2.4). Other variations known as receiver-in-the-canal (RIC) or 

receiver-in-the-ear (RITE) place the electronic receiver component attached by a thin 

electrical wire within the ear canal to avoid these acoustic issues of the conduction through 

the tube. 

In-the-ear (ITE) or full shell (FS) hearing aids fit within the concha of the ear and into the 

opening of the ear canal. Due to the close proximity of the receiver and the microphone, ITE 

hearing aids can be prone to acoustic feedback at high gains. However, digital signal 

processing has increased the amount of gain available. A half shell (HS) hearing aid is a 

smaller variation on this that only occupies half of the concha. 

In-the-canal (ITC) hearing aids move the hearing aid further in the ear just inside the ear 

canal. As a result these hearing aids are less noticeable when worn by the user, an important 

consideration amongst users who may be self-conscious about their hearing impairment. 

Furthermore, by placing the hearing aid further inside the ear canal the ears pinna allows for a 
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more natural acoustic response with better directionality [62]. Consequently mini-canal (MC) 

hearing aids are a type of low profile ITC. 

Figure 2.4. Different styles of hearing aid on the market. Adapted from NIDCD [63] 

Completely-in-the-canal (CIC) is a continuation of this idea with the hearing aid being 

situated deep within the ear canal itself. By locating the hearing aid further down the ear 

closer to the ear drum, the decreased volume of air behind hearing aid reduces the occlusion 

effect. Furthermore it is found that the osseous portion of the ear canal typically vibrates at 

lower volume velocity than the soft cartilaginous tissue at low frequencies. Thus by 

extending the ear canal into this region the occlusion effect can be significantly reduced [33-

35]. However, issues arise with obtaining a comfortable fit deep in the ear over the sensitive 

bony portion of the ear canal. 

2.5.1 Universal Hearing Aids 

Recent developments in hearing aid design have seen a trend from custom made earmoulds to 

hearing aids with thin diameter tubing and non-custom silicone domes. The primary benefit 

of these aids is their non-occlusion characteristics when used with open domes. The last ten 

years has seen the development and now high market penetration of these so called “open-fit” 
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universal fitting hearing aids made possible through the use of digital feedback management 

[8, 9]. These devices have come about due to technological advancements, changes in market 

needs and perception of hearing aids, ease of distribution, as well as economics of 

manufacturing. 

Open fitting hearing aids using this open fitting style such as RITA, mini BTE and RITE or 

RIC styles provide minimal blocking of the ear canal to improve occlusion performance. 

These hearing aid styles mitigate feedback through separation of microphone and receiver in 

addition to a reliance on effective electronic feedback management to avoid feedback issues. 

However digital feedback cancellation has practical limits on the additional gain made 

available which restricts open-fit hearing aids to those with mild to moderate hearing loss [8, 

9]. Studies indicate that feedback management used in commercial hearing aids provide 

between approximately 0 to 21 dB additional gain before feedback, depending on the aid and 

algorithm used [10, 64-69]. Open hearing aids and indeed hollow earmoulds have also been 

shown to provide considerably less gain before acoustic feedback compared to traditional 

venting [38, 64, 70]. Entrainment artefacts introduced by digital feedback management also 

may have a negative impact on sound quality, particularly for tonal inputs such as music [10, 

11]. While these open fitting devices have much improved occlusion and own voice 

characteristics, significant performance concessions must be made in areas of feedback and 

the effects of the digital feedback management methods employed. As a result, open fitting 

hearing aids are not able to provide the amplification and sound quality needs of many 

severely hearing impaired individuals. 

Performance and safety concerns have also been raised about increasing sales of low cost 

over-the-counter style (OTC) universal “hearing aids” through the mail and internet. Many of 

these devices fail to meet hearing aid regulations and fall under the Food and Drug 

Adminstration’s classification of personal sound amplification products. Those opposed cite 

typical poor amplification performance, lack of information about these devices and lack of 

consultation with a hearing professional [71-73]. However some mid-priced ($100-500 USD) 

OTC hearing aids have been found to have acceptable performance and may provide a lower 

cost alternative to traditional hearing aids [71, 73]. Killion’s 2003 petition to the FDA to 
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regulate these aids under a new OTC hearing aid class has been rejected due to safety 

concerns that ‘red flag’ ear conditions would go undetected due to the absence of clinical 

assessment  [74, 75]. 

A variation on the RIC hearing aid is the “be” by ReSound (Fig. 2.5a) that has the device 

sitting inside the ear canal like a universal CIC hearing aid but with a remote microphone 

attached outside of the ear in the cymba concha [76]. The device is a hard plastic rectangular 

shaped device that sits loosely in the ear allowing venting around its periphery. It is 

interesting although not entirely surprising to note, that since release of this device ReSound 

has developed an option for customised shells due to demand for something that is better 

fitting and capable of providing more gain. The Unitron Fuse is more of a true universal open 

fitting CIC type hearing aid (Fig. 2.5b). It relies on digital feedback cancellation with 

microphone and receiver in relatively close proximity. The design also incorporates an 

especially design articulated neck with different dome ends. The neck angles 30° superiorly 

and 20° posteriorly and allows for a 30° range of motion in both these directions [77]. There 

is thus an attempt to design for the first bend of the ear canal whilst providing some degree of 

flexibility for variations among individuals and canal dynamics. Venting occurs around the 

aid through cut channel vents in the side of the device and around the edges of the device as a 

tight acoustic seal is not obtained. 

Soft fitting aids are another class of universally designed hearing aids. These designs attempt 

to use soft plastics that provide conformability to different ear shapes and comfort in the ear. 

Most often no attempt is made at venting and these devices often rely on the comfort of the 

soft plastic to allow for a deep fit onto the bony portion of the ear canal to reduce occlusion. 

In 2000, Sonic Innovations Inc released the Conforma line of tight fitting CIC hearing aids 

that came with a number of disposable soft shells that slid over the hard electronic 

components [78, 79]. This product appears to have been discontinued, presumably due to 

poor market uptake. ExSilent have also released a line of modular designed hearing aids 

called the Q (Fig. 2.5d). The Q is a very small CIC hearing aid that incorporates small 

cylindrically housed electronics and a variety of sizes of soft multiflanged tips that clips onto 



Background 19 

the device. This design borrows from hearing protectors and earbuds that have traditionally 

used multiflanged designs as a means to design for ear canals of different shapes and sizes. 

Since the release of the Q they have also released another smaller version of the device called 

the Q leaf [80]. 

Figure 2.5. Universal fitting hearing aids on the market (a) “be” by ReSound (b) Unitron 
Fuse (c) Lyric by Insound Medical [81] (d) ExSilent Q 

Another interesting subclass of these universal fit hearing aids is the disposable hearing aid. 

One of particular note was the Songbird CIC disposable hearing aid, a soft shelled disposable 

hearing aid design with a specially designed soft tip to provide an acoustic seal just beyond 

the second bend [82-84]. This product is however no longer available on the market and 

attempts to re-establish Songbird using a BTE open fit style disposable hearing aid (Flexfit) 

and an alternative non disposable version called Ultra also failed. The Lyric hearing aid by 

InSound Medical Inc is a so called extended wear device (Fig. 2.5c). It is a soft 

(a) 

(c) (d) 

(b) 
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biocompatible foam device that is placed deep into the ear canal within millimetres of the ear 

drum by a hearing professional and is designed to last 120 days of continuous use [85]. As 

such it has the distinct disadvantage that not only is the user required to replace the device 

periodically but they are also required to consult a professional every time this is required. 

There is an absence of empirical evidence as to the acceptance and success of most of these 

“new” designs. 

2.6 Manufacture of Custom Hearing Aids 

Custom hearing aids have a customised hearing aid shell to fit each individual users ear 

shape. Electronics are then selected to fit inside the shell whilst providing the acoustical 

needs of the individual. These electronics are usually built on the faceplate of the hearing aid 

which caps the custom ear shell. 

Hearing aid shells are made from hearing aid impressions taken from a trained audiologist 

and sent to the hearing aid manufacturing company. Ear impression material is prepared by 

mixing together fast setting two pack silicone based compounds. An otoblock is carefully 

inserted into the ear canal to avoid damage to the tympanic membrane. Ear impression 

material is then syringed into the ear. Ear impression materials are distributed by a number of 

companies such as Otoform, Matrics and Fricotan and are usually expressed in terms of their 

Shore A number. Shore A value is a measure of the hardness of the impression on the type A 

shore durometer and impression materials range from approximately 25 to 40. Higher 

viscosity ear impression materials are found to produce a tighter fit, stretching the ear canal 

slightly. It has been suggested that these higher viscosity impression more precisely capture 

the ear canal dynamics [19]. 

The process of obtaining a good hearing aid impression, that is an accurate representation of 

the ear canal, is very important as this becomes the manufacturer’s only indication of the size 

and shape of the ear canal. Important factors such as jaw position, viscosity and set hardness 

of the silicone impression material, depth of impression, pressure applied to the silicone 

syringe and general activity of the ear canal all need to be considered to get an ideal 
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impression. Higher viscosity silicone injected with greater pressure will tend to expand the 

ear canal in the cartilaginous portion of the ear canal. Whilst generally some expansion is 

advantageous in terms of providing for canal activity with rigid shell materials, too much 

expansion can lead to uncomfortable hearing aids that are easily worked out of the ear canal 

as the backwards jaw motion compresses on the hearing aid [19, 86]. 

2.6.1 Traditional Manufacturing Routes 

Traditional methods for hearing aid shell manufacture involve creating gel-forms or negatives 

of the ear impression in which the hearing aid shell is poured and set. First the ear impression 

is cut and ground back based on the technicians experience to give an appropriate shape for a 

hearing aid. A gel-form of the prepared impression is then cast and a hearing aid shell cast 

from it. Care must be taken not to cause too much shrinkage of the gel form as it sets 

resulting in a hearing aid that is too large [87]. Typically the shells are made from a liquid 

acrylic material that UV cures. Grinding of the shell down to get the correct size and shape is 

performed and then the electronics and vents are added to meet the acoustical needs of the 

customer. Finally, the base plate is glued on and the hearing aid is polished and sent back to 

the customer. This process is quite labour intensive and therefore expensive, and the quality 

of the final product is largely dependent on the skill of the technician [88]. 

2.6.2 Rapid Shell Manufacturing (RSM) 

In order to further automate and reduce cost of the hearing aid manufacture process, most 

hearing aid manufactures have turned to RSM. This has been largely brought about by 

advances in the field of 3D scanning needed to capture the physical ear impression into an 

accurate digital representation of the shape. 

Three dimensional scanners use laser light emitted from the scanner on to the surface of the 

impression. The laser light reflected from the surface is then collected by a camera that can 

be used to determine the distance. This is done by finding where the laser dot is within the 

cameras field of view and determining the distance between the laser and the surface through 



22 Background 

optical triangulation of the laser [89]. Data collected is in the form of a point cloud that can 

be reconstructed to form a triangular mesh for visualisation and CAD purposes. 

Three dimensional scan data is then sent to a RSM software package such as Materialize or 

3Shape where the technician can cut and shape the device similar to manual processes 

performed in the traditional method. Tightness of fit is visualised by colours indicating 

dimensional differences from the scanned data set. Three dimensional modelling also allows 

the technician to set the wall thickness and layout electronic components and venting in the 

shell. Furthermore, modelling programs have features that suggest certain shapes, 

arrangement of electronic components and positions of vents, etc that can further speed up 

this process. Final modelled hearing aid shells can then be sent away to a rapid prototyping 

process where 3D printing of the shell occurs directly from file [90]. 



CHAPTER THREE 

STATISTICAL SHAPE MODELLING OF THE
HUMAN EAR CANAL 

Understanding of shape and spatial requirements is critical in the design of hearing aids that 

are comfortable as well as providing good retention and acoustic seal with the ear canal. In 

order to take advantage of a specific venting configuration, non reproducible slit leakages 

around the ear must be reduced. Unlike customised hearing aids, when designing for a 

universal or a one-size-fits-many device, exact representation of each ear canal cannot be 

used. As such, one must obtain an understanding of the variances within the target population 

and design for these variances. In order to do this, one must be able to define the population 

using some numerical description of its important geometrical features. Features are an 

important concept in the area of computer aided design (CAD) and in particular feature based 

modelling. In relation to CAD modelling, features have been defined in terms of their 

parametric description as “parametric descriptions of shape data” (Langerak & Vergeest 

2007 p1) [91] or “an instance generated from a feature type and the parameter value” 

(Vergeest & Spanjaard, 2001 p3) [92]. 

However, the author believes these fail to provide a complete definition of a feature but 

merely defines how the feature may be represented. Furthermore, a nonparametric boundary 

representation (B-rep) or functional representation (F-rep) shape may have a geometrically 

important region that can be defined as a feature and recognition of such non parametric 

surfaces becomes the basis of feature recognition. A more complete definition has been 

proposed by Sunil and Pande describes a feature as: “a set of connected meaningful regions 

having a particular geometry and topology which has some significance in design and 

manufacturing” (Sunil & Pande 2008 p1) [93]. 
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This statement suggests the definition of features is based on significance and is thus an 

application-dependant entity. In the case of the universally fitting hearing aid design, the ear 

canal is the critical feature of the human ear. 

3.1 Shape Descriptors 

In order to study the variation in scan data, the order of the shape data must be reduced using 

some form of shape descriptor. The 3n-dimensional shape data where n is the number of 

vertices may be described by a smaller number of m parameters via some parameter mapping 

function using some shape descriptor. This also forms the basis of parametric or feature based 

modelling. 

Shape descriptors are primarily used in the fields of shape matching and feature recognition 

that aim to mimic human perception using features in order to classify different objects into 

shape classes [92-95]. Objects are matched to each other using template features and those 

that obtain good matches are determined to belong to the same shape class. Alternatively, one 

might seek to describe variation in shape by how much the object varies from the template. 

The shape descriptor provides a simplified representation invariant to transformations such as 

scale, rotation and translation for efficient and robust shape comparisons between two or 

more objects [94]. 

A number of different shape descriptors have been reported in literature. Some common 

descriptors include multiview descriptors such as light field techniques [96-98], spherical 

harmonic descriptors [99-101], spectral embedding [102], reeb graph [103], diffusion wavelet 

[104], and scale space [105]. Medial axis representations or M-rep have also been used 

extensively in 3D medical imaging to describe, classify and segment shapes. Medial axis 

representation is a graph based shape descriptor that represents a shape instance based on its 

medial sheet representation [106-110]. A series of connected so called “medial atoms” or 

“medial balls” forms the basis of the medial sheet. These balls are located at points with the 

shape that are equal distance from two points on the surface of the shape and store non 

Euclidian information such as the radius of the medial ball, object angle and figural frame. 
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Sensitivity to surface changes remains an issue and pruning or thinning of the medial sheet is 

required for all but very simple shapes. This allows shape variability to be studied on 

different scales based on the type of thinning being used, but care must be made to avoid loss 

of topology of the shape data as the medial representation is simplified. 

For the purpose of determining shape variation in ear canals, a statistical shape model  known 

as an active shape model (ASM) that uses principal component analysis (PCA) as its shape 

descriptor was employed. Principal components or modes of variation of the data set describe 

the eigenvectors or directions in which there is most variation in the sample data. That is the 

main ways in which the shape varies in the data set [111, 112]. 

3.2 Active Shape Model 

ASM is a type of statistical shape model developed by Cootes et al (1995) [112] combining 

procrustes aligned landmarked shapes and PCA. ASMs are a form of deformable template 

model in that the model attempts to deform to fit the shape data. Kass et al (1987) provided 

the earliest work in this area with his shape contour models or snakes [113]. Snakes are spline 

functions which through energy minimisation processes are attracted to edges, lines and 

contours. Due to their ability to find and track features, even in moving images, active 

contour models have been used extensively in the areas of visual tracking, facial recognition, 

visual speech recognition and iris recognition [114]. For comprehensive reviews in these 

areas, see Yang et al. (2002), Wildes (1997), Chen (2001) [115-117]. 

ASMs are distinguished in that shape instances deform predictably according to principal 

components found in the training set, which describes that object and are sometimes referred 

to as smart snakes. The technique developed is a form of point distribution model that aims to 

learn shape variation of a particular class through variability of specified landmarks from 

their mean, within their allowable shape domain. This shape model may then be applied to 

recognise other similar objects by adjusting the deformation weightings b applied to each 

eigenvector [112]. Active appearance models were an extension of this work in the field of 

image-based shape modelling of images using difference in grey-level information as a 



26 Statistical Shape Modelling of the Human Ear Canal 

matching parameter for the shape model. Active shape and appearance models have been 

widely used due to their ability to be trained using a set of data to learn and identify different 

shapes. This is particularly beneficial in areas such as facial recognition where a continually 

adaptive learning system may be employed [116, 118, 119]. Adaptation of these ASMs have 

also been used in medical imaging process for segmenting complex 2D and 3D medical 

images based on prior knowledge trained into the model [120]. 

ASMs have been applied to hearing aid manufacturing earlier by Paulsen focusing on 

creating a learning algorithm that would aid in automated optimal earmould shell design and 

component placement [121, 122]. A first attempt at using this to develop some form of one 

size fits all device was also described. This device was presented as a so called “minimum 

shell”, a largest solid shell representation that fits within 29 left ear canal shapes used in the 

training set [123]. However the rigid undeformable nature of this method has meant that “a 

large group of people can use the minimum shell, if it is used in combination with a soft 

earplug.” (Paulsen 2004 p87) [123] 

Presumably, the need for a soft earplug is due to its inability to provide adequate acoustic seal 

or comfort on the varying ear shape. In this way the minimum shell is only really providing 

design information about a core shape that requires soft sleeves or tips similar to some 

current designs. 

3.3 Method 

The method employed for implementing an ASM follows closely those methods used by 

Cootes et al, Hutton et al and Paulsen et al [121, 124, 125]. The method incorporates three 

main steps. Data is first wrapped with some template mesh in a thin plate spline (TPS) 

technique based upon anatomical landmarking. This allows for dense point correspondence 

between shapes necessary to describe the shape variation. Wrapped data is then aligned in 3D 

space by procrustes alignment. This is followed by a PCA step which breaks the data down 

into its modes of variation. 
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3.3.1 Raw Data Acquisition 

In order to describe completely the complex geometrical anatomical features of the human 

ear canal, 3D scanning techniques have been employed. An attempt was made to obtain point 

cloud shape data of a series of premade ear mould samples using a handheld MVT CLS60 

hand held colour digital laser scanner. However, this scanning method often involved 

multiple scan passes due to the complex curvature of the earmoulds. The heavy post 

processing of point cloud data to stitch these scans together into a shape mesh would likely 

have affected the shape variation in some way. 

Further robust mesh data was obtained through Widex who uses 3D scanning and rapid 

manufacturing techniques to manufacture a number of its hearing aid products. Optical 3D 

ear impression scanners used by Widex and other hearing aid manufacturers use multi-axis 

motion of the ear impression which allows digitisation from multiple views. Typically the 

impression is mounted on a stand and rotated, translated and tilted about by the system to 

obtain a complete scan with no holes. Widex uses a 3Shape Legato 2 scanner to scan both left 

and right ear impressions simultaneously at a resolution of 0.2 - 0.5mm and an accuracy of up 

to 0.05mm [126]. As such, any variance introduced by the impression scanning is likely to be 

low compared to natural ear canal shape variance. 

Mesh data obtained included 136 shape instances of ear impression taken within New 

Zealand. Of these 109 scans, 60 left ears and 49 right ears were used to investigate shape 

variation. The remaining 27 scans were not used, as the length of the ear impression prior to 

scanning was not made long enough for the second bend of the ear canal to be identifiable. 

The short nature of these ear impression scans made these impressions less comparable to 

longer impressions and harder to landmark. Due to confidentiality issues, no information was 

provided on the scan data in terms of age, sex or ethnicity. However, studying these effects 

on ear shape has been identified as a possible extension of this work, provided enough data 

was made available. 
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3.3.2 Landmarking 

The measurement of antropometric data has long since been studied for its inherent 

complications as it pertains to data collection methods, data consistency and error 

assessment. Early studies on the growth of children conducted in the 1930’s by Drager et al, 

Lincoln and Methidth [127-129] found that significant inconsistencies occurred in many 

anthropometric measurements. These were explained by differences in factors such as 

difficulties in determining anatomical landmark points, differences in measuring techniques 

amongst technicians and the postural, daily and seasonal variations in many antropometric 

measurements. It was found that there was less variation in the measurement taking in areas 

with more well defined landmarks. Recent publications have shown landmarking and 

assessing landmarking errors to be a problematic area inherent in anthropological studies 

[130-133]. 

Bookstien first identified the need to maintain geometrical relationships between homologous 

points whilst studying changes in biological shapes [134]. He established the field of 

“geometric morphometrics” that sought to study differences or changes in biological objects 

with reference to areas that are both biologically and geometrically significant. This is 

equally important when examining shape variation in the human ear canal. Bookstien in his 

book “Morphometric tools for landmark data: Geometry and biology” outlines three distinct 

types of landmarks that may be used to describe a shape [135]. Type one includes points 

where there is a “discrete juxtaposition of tissue”. This includes where three distinct 

biological structures join, intersections with planes of symmetry and centres of curvature of 

small features (e.g. eyes, etc). Due to the defining characteristics of these points, they present 

themselves as well defined landmarks with inherent biological significance. As such they are 

capable of being located with a higher degree of precision compared to types two and three. 

Type two landmarks are defined as those that relate to the local maxima of curvature such as  

ridges, valleys and saddles. Type 3 refers to extremal points. That is, points that are placed at 

distinct, finitely spaced locations. These include things such as diameters, centriods, evenly 

spaced inter-landmark points and construction line cross sections. Type three landmarks have 



Statistical Shape Modelling of the Human Ear Canal 29 

the least direct biological significance and will tend to describe more than one feature of the 

particular biological form. 

Figure 3.1. Mesh showing 15 landmark locations on sample earmould scan. X’s represent 
landmark points hidden from view. 

Raw scan data have been hand landmarked according to acquired anatomical knowledge of 

the ear canal. On each of the scans in the sample set, 15 landmark points have been 

identified. Figure 3.1 shows a sample landmarked shape. Landmark points 1-4 and 5-8 mark 

the superior, inferior and anterior, posterior points on the first and second bends, identified as 

the points of maximum curvature of the ear canal. Landmark point 9 is located at the inferior 

crus of the antihelix where the antihelix meets the helix. Point 10 relates to the point where 

the helix meets the plane of the concha and point 11 is the point directly opposite this, on the 

edge of the concha. Finally points 12-15 are evenly placed along the edge of the concha 

defined as the area of maximum curvature along the antithetical path. 

All landmarked points are based on areas of maximum curvature and/or interception with ear 

canal axis of symmetry and are seen to fall into Bookstein’s type two and three landmarks. 
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Due to the complex nature and lack of rigid tissue within the ear canal and concha, no type 

one landmarks were able to be identified. 

Mesh data has also been trimmed off the end of the ear canal and the openings of the ear, as 

these areas are artefacts of the ear impression used to create the scans and not the ear shapes 

themselves. These surfaces of the impression are formed by the otoblock used in the 

impression taking and the unconstrained surface of the ear impression material in the concha, 

facing the outside of the ear. Both surfaces are easily identifiable and the mesh has been 

trimmed just below each surface (Fig. 3.2).     

Figure 3.2. Example mesh showing planes used to trim mesh. 
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3.3.3 Thin plate Spline 

A 3D Thin plate spline (TPS) is used in order to obtain a dense point correspondence 

between the samples in the training set. Thin plate spline is a mathematical technique of 

applying a template mesh to a surface. In 2D this is analogous to the physical process of 

forming metal, which is the origin of the name thin plate spline. Essentially the TPS involves 

mapping a series of points based on some radial basis function of their Euclidian distance to a 

set of landmarked points. In this way, the template mesh is wrapped directly onto the target at 

the landmarked control points. Points between these are mapped according to some radial 

basis function of their distance to each control point. 

The radial basis function is chosen to minimise the bending energy integral of the squares of 

the second differentials of the surface. That is the function that minimises the surfaces second 

differentials or the sharpness of the bending [136]. For the two dimensional TPS case, the 

bending energy is expressed as: 
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And the radial function found that reduces this energy is given by: 

  rrrU ln2 . (2) 

 In 3D TPSs the radial basis function solves to be simply the Euclidian distance function 

[125]. 

  rrU  (3) 

In order to apply a TPS, a matrix approach is taken. This finds the weighting values that map 

the points of the template mesh directly to the points on the target mesh. This is done by 
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setting up a matrix L to solve the set of linear equations for weights W that map the n control 

points on the template cx to the n control points on the target mesh cy [125]. 

YLW  (4) 
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The upper right hand K matrix is set up from the radial basis functions for the control points 

cx of the d dimensional template mesh data. Where U is the radial basis function of r the 

Euclidian distance between the control points i and j in d dimensions: 
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Cy is coordinates of the corresponding control points on the target mesh and o is a series of 

zeros filling out the Y matrix. 
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Solving equation 3 for W gives the weightings for each of the n control points as well as the 

affine transformation matrix. With these values it is then possible to map the template points 

m to new positions on the target shape mnew using their distances to the control points. 

 mWumnew     where       TT
xnx mcmUcmUmu ,1,,,1   (10) 

TPS  are useful for complex biological shapes as it allows for one to map points and describe 

variation, in areas between biologically significant landmark points. Points in a wrapped TPS 

mesh are in themselves a kind of type 3 landmark that obtain their geometric significance 

from the set of specifically defined landmarks used to create them [135]. 

For both left and right ears, a single well defined instance has been chosen as the template 

mesh to wrap to the other meshes in the training set. As the number of vertices in the raw 

scanned data was not computationally efficient for PCA steps, the raw data of the template 

mesh has been both trimmed and decimated. Both left and right template ear scans have been 

reduced from approximately 10,000 vertices to approximately 4,400 vertices using a 

quadratic edge collapse decimation in MeshLab. This method was chosen as it provides a 

good even decimation of the template mesh and the vertices of decimated mesh remained a 

subset of the vertices of the raw data. These decimated data points have been remeshed in 

Matlab using deluanuany 3D triangulation to provide a regular triangulation of scanned data 

points. 

The TPS mesh are found to have one to one matching between the template mesh and target 

surface mesh, only at the landmarked points. Therefore, a further point to surface projection 

of wrapped template mesh points to the closest point on the surface mesh has been 

performed. 
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3.3.4 Procrustes 

Procrustes analysis aims to align two objects of the same shape by minimising the sum 

squared Euclidian distances between corresponding landmark locations. This involves 

finding the equivalence class of the 3D shape data. This is done by applying transformations 

to the shape data to remove the scaling, rotational and translational components. The 

translation component is easily dealt with by translating all the points in the data set so that 

the mean is shifted to some known point (usually the origin). The scaling component is 

removed by normalising the points so that their sum squared distances from the centroid is 

equal to one. Rotation involves fixing one of the scale and translation normalised shape sets 

and rotating the other about the centroid until the sum squared distances between the 

corresponding points is minimised [112, 137, 138]. 

This broad definition is fine in terms of aligning two shapes to one another. However, if one 

is looking to align a series of shapes in a training set, one must perform a series of alignment 

steps until the results converge. Cootes et al has outlined a method for this training set 

alignment [112, 138]. The first step involves aligning all the shapes in the set with one of the 

shapes in the set. The mean shape is then calculated and normalised. The shape set is then 

realigned to the mean shape and the process of aligning is repeated until the process 

converges. 

Normalising the data involves aligning the data to one of the original shapes in the training 

set or some other constant alignment. This normalisation is done to allow convergence by 

reducing the degrees of freedom of the alignment process. Convergence occurs when the 

transformations of the points to the mean shape approaches the identity matrix [112]. 

3.3.5 Principal Component Analysis 

PCA aims to reduce the dimensionality of the data set whilst still explaining the variation in 

the data set by transforming the data into its principal components. Principal components, or 

modes of variation of the data set, describe the directions or eigenvectors in which there is 



Statistical Shape Modelling of the Human Ear Canal 35 

most variation in the sample data. That is, the main ways in which the shape varies in the data 

set [111, 112]. PCA looks for the linear function of the data set elements that describes the 

most variance in the data. Each successive component is then determined as the linear 

function that explains the most variance uncorrelated to the previous functions. Such that: 

xPC T
kk   (11) 

Where PCk and k are the principal component and eigenvector of the covariance matrix 

corresponding to the k largest eigenvalues. The larger the eigenvalue the more variance is 

explained by the corresponding eigenvector. That is, the more important that particular mode 

is to explaining the variation in the data set [111, 112, 139]. Note here that x is a vector 

containing all the statistical elements of the data set. That is, each coordinate of the d 

dimensional data is considered an individual variable for multivariate statistical analysis 

using PCA. 

The covariance matrix is a matrix comprised of the mean covariances between the different 

variables in the data set. It is defined as: 
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Where xij and xik is the jth and kth element in the ith shape instance of the data set. jx and kx are 

the mean for that variable across all the shape instances. A matrix solution can then be found 

as: 
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Where X is a matrix of the distance of the sample data from the mean position such that: 

)( jijij xxX   (14) 
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It is important to note that if the population mean and covariance matrix is unknown and 

samples are used instead, the denominator of the equation would change to N-1 [111]. 

Single value decomposition of this matrix then gives you the eigenvalues and eigenvectors 

corresponding to the principal components. Single value decomposition provides a 

computationally efficient way of determining the eigenvalues and eigenvectors of the 

covariance matrix S [111, 112, 139]. 

TVUS  (15) 

Where  is the singular values of the covariance matrix S. U and V are unitary matrix 

corresponding to the left and right singular eigenvectors. This gives n eigenvalues and their 

corresponding eigenvectors that explain all modes of variation. To simplify this, only the first 

t eigenvalues λ and vectors α are considered that explain a certain proportion of the total 

statistical variation.  

100modesfirst t by  explainedVariation  %

1

1 









N

i
i

t

i
i





(16) 

Therefore, any shape within the same equivalence class can be approximated using the mean 

shape and some combination of the weighted sum of the deviations along each of the t most 

significant eigenvalues. 

t
T

t bxx  (17) 

Where α is the eigenvectors and b is a column vector of weights relating to the first t modes 

of the training set. 

This is beneficial in describing the ear canal as it allows one to selectively describe and 

design for the effect of the larger modes of variation. Furthermore, the design may be broken 
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down into a number of shape classes based on the first few modes of variation. That is, 

variation may necessitate that designs may not be universal population wide, but rather 

contained within a few distinct shape classes that define the largest population variation. 

3.4 Results 

3.4.1 Mesh quality 

For the statistical shape model to provide useful information about the shape variances of the 

human ear, the transformed template meshes used to approximate each shape must provide a 

complete and uniform description of the shape instances. A number of different measures of 

mesh quality are presented below indicating the regularity and uniformity of size and shape 

of the triangulation of the meshes. Mesh quality measures have been performed on the as 

scanned data, as well as the TPS wrapped data and the model mesh. The model mesh being 

the mesh used in the shape model after point to surface projection. 

3.4.1.1 Mesh Angle Quality Measures 

Paulsen has suggested average minimum angle as an appropriate measure of the quality of 

the meshes input into a statistical shape model [123]. The average minimum angle measure is 

described as the average of the smallest angle in each triangular facet that make up the shape, 

and may be calculated as: 

i
FacesN min
1

 (18) 

Where ϕmin is the minimum angle in triangle i and NFaces is the number of triangular mesh 

faces. 

A uniform equilateral triangulation would have a 60° minimum angle and thus the closer to 

60° the more equilateral the triangulation. Figure 3.3 shows a box plot of the average 
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minimum angle of all the shapes in the three states. We see that TPS warped template meshes 

have slightly more regular triangulation than that of the as scanned, raw data. This is due to 

the template mesh used in the wrapping process having an improved triangulation quality 

(37.3° and 35.7° average minimum angle left and right respectively) a result of data trimming 

and remeshing performed on the template mesh. The model meshes have average minimum 

angles ranging from 26.7° to 34.5° with the left ear meshes having slightly higher median 

values. Median values of average minimum angle of the model mesh vary by only 1.1° and 

2.9° left and right respectively of the median of the as scanned data. This indicates that the 

triangulation of the shape instances are of similar quality to that of the raw data being 

wrapped. The increase in spread is expected, as the template mesh is deformed differently on 

each shape model. These values are comparable to the quality of the approximation meshes 

created by Paulsen using a Markov random field regularisation of point to surface projections 

(approximately 31.7°) [123]. 

Figure 3.3. Boxplots of the average minimum angle of the left and right ears, as scanned, 
TPS wrapped with template mesh and as used in the shape model.The boxplot whiskers 

represent the 1.5 IQRs 
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A more common mesh quality measure used in Computational fluid dynamics software such 

as TGrid is the equiangular skew [140]. This metric measures the skew of the triangulation 

from that of the perfect equilateral triangle and may be calculated for each mesh face as: 
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Where ϕmin and ϕmax are the minimum and maximum angles of the triangular face 

respectively. Equiangular skew can range from 1 to 0, with 0 being a perfect equilateral 

triangulation. Figure 3.4 shows the boxplot of mean equiangular skew of each shape instance 

in the three mesh states. We see again that the left ear data has slightly better triangulation 

after TPS wrapping and point to surface projections have been performed. The equiangular 

skew of the model meshes used in the statistical shape model was similar to that of the 

original, as scanned data (0.45-0.5) and this is identified as representing good to fair quality 

mesh face [140, 141]. 

Figure 3.4. Boxplots of the mean equiangular skew of the left and right ears, as scanned, TPS 
wrapped with template mesh and as used in the shape model. The boxplot whiskers represent 

the 1.5 IQRs 
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3.4.1.2 Mesh Edge Lengths Quality Measures 

Figure 3.5 shows boxplots of the coefficient of variance of the edge lengths of the mesh data 

in the 3 states. We see that the model meshes have the highest coefficient of variance of edge 

lengths and that it varies considerably between shapes. This is due to stretching of some mesh 

elements during point to surface projection, particularly around the bottom and top of the 

meshes. Regularisation of the point to surface deformation field has been suggested by 

Paulsen to improve regularisation of the size and shape of mesh elements and the 

representation of the target shape being transformed to [142, 143]. However, due to the 

location of the majority of the misformed faces and the overall low reconstruction errors of 

the mesh elements, regularisation was deemed unnecessary (see 3.4.1.3 Reconstruction 

Error). 

Figure 3.5. Boxplots of the coefficient of variance of the mesh edge lengths of the left and 
right ears, as scanned, TPS wrapped with template mesh and as used in the ASM. The 

boxplot whiskers represent the 1.5 IQRs 
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3.4.1.3 Reconstruction Error 

Reconstruction or approximation error, is a measure of the ability of the wrapped mesh to 

approximate the surface of the target. It is calculated as the distance from the vertices on the 

target as scanned shape, to the surface of the approximated mesh (wrapped mesh 

approximating its shape). Figures 3.6 and 3.7 show boxplots of the reconstruction error of the 

left and right shape instances used in the shape model. Note the two instances that have zero 

error, represent the instances chosen as the template meshes. The maximum reconstruction 

error of any vertex left or right was 0.78mm. Median errors are small compared to the 

0.05mm stated maximum accuracy of the 3 shape Legato2 scanner used to scan the original 

meshes [126]. As such, any error associated with the representation of the surface of the real 

ear shape is likely to be very low. 

Figure 3.6. Boxplots of the reconstruction error of the shape instances in the left ear model 
with whiskers representing 95th and 5th percentiles
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Figure 3.7. Boxplots of the reconstruction error of the shape instances in the right ear model 
with whiskers representing 95th and 5th percentiles.

3.4.2 Active Shape Model 

Figures 3.8 and 3.9 show plots of the modes of variation of the left and right data models 

against the percentage of variation in the training data set explained by each mode. We see 

that the first mode explains 23% of the variation in the left ear shapes and 32% of variation in 

the right ears. Over 50% of the variation in the both data sets is explained by the first three 

modes of variation. This shows similar results to that observed by Paulsen who used 29 ear 

impression scans, to train a deformable shape model to aid in automated hearing aid 

componentry placement (approximately 26% on the first mode and 51% in the first 3 modes). 

Doubling the training data set size has little effect on the relative importance of the first few 

modes. This suggests that these modes are a good indication of variation in the population as 

a whole. Dotted lines on the graphs indicate the variance explained by randomising the shape 

data before conducting PCA. We see that beyond the first 9 modes, the variation explained by 
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each mode is less than what you would expect from random data. The usefulness of these 

modes to describe real statistical shape variation is questionable. 

New shape instances created from the shape model by varying the weights of the 

eigenvectors are well defined and similar to those used in the training set. Furthermore data 

within the training set can be reproduced by the model accurately, using a limited number of 

modes. Pairwise plots of the first 5 eigenvector weights b used to recreate the shape instances 

in the training data set indicate that we can treat these modes as independent of one another 

(Figs. 3.10 & 3.11). Indeed, no statistically significant correlation existed between the first 59 

and 48 modes of the left and right ear models respectively (p<0.05). 

Figure 3.8. Plot of the percentage of 
total variation explained by each mode 
of variation in the left ear training data 
set. 

Figure 3.9. Plot of the percentage of 
total variation explained by each mode 
of variation in the right ear training data 
set. 
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Figure 3.10. Pairwise plots of the eigenvalue weights of the left ear training data for modes 1 
to 5 

Figure 3.11. Pairwise plots of the eigenvalue weights of the right ear training data for modes 
1 to 5 
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For the purpose of this thesis we will concentrate on the first three modes of variation and the 

effects they have on the mean ear impression shape. Further modes may be examined, 

however, it was found that these smaller modes often had similar effects on the mean 

impression shape as the first three modes. It is assumed that these lesser modes help “fine 

tune” the shapes generated by the first few modes. An attempt will be made to quantify these 

effects in order to better understand the modes and provide useful data for design of universal 

devices. A particular focus will be put on the ear canal as this is the area of fit of most 

universally fitting devices. 

3.4.2.1 Mean Ear Impression Shape 

The mean left and right ear impression obtained from the model can be seen in figure 3.12. 

Figure 3.12a shows a view looking down on the ear impression of the ear canal in the head 

(lateral view). The outline of the ear canal at the top near the second bend which forms a 

roughly elliptical or oval shape has been highlighted in red. The longest dimension across the 

shape has been identified as the primary axis of the ear canal. The widest dimension 

perpendicular to the primary axis,  will be referred to as the secondary axis. The mean left ear 

was found to have ear canal dimensions of 9.3± 0.1mm by 5.8±0.4mm and the mean right ear 

was found to have ear canal dimensions of 8.7± 0.1mm by 6.3±0.1mm. 

The twist angle α of the ear canal defined as the angle made between the line running from 

the inferior crus of the antihelix to the lowest point on the ear impression or intertragic notch 

and the primary axis of the ear canal is 16.5±1.4° and 20.5±1.6° for the left and right ears 

respectively (Fig. 3.12a). Figure 3.12b shows the inferior view of the ear canal viewed from 

the angle of the line between the inferior crus of the antihelix and the intertragic notch and 

figure 3.12c shows a posterior view directly perpendicular. 

Ear canal angles have been measured by drawing lines at the first and second bend and 

joining the mid points of these lines. The mean entrance angle of the ear canal β shown in 

figure 3.12b was 55.1±0.1° and 52.3 ±0.8° degrees anteriorly (towards the face) in the left 

and right ears respectively. The angle of the first bend with respect to the entrance angle δ 
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was found to be 139.4± 0.5° and 133.6± 0.6 for left and right ears respectively. In the 

posterior view we see the mean angle of the first bend ψ was 27.3± 0.3° and 18.3±0.2° 

superiorly.  

Figure 3.12. a) Lateral view b) inferior view and c) posterior view of the left and right mean 
ear shapes with measured angles marked. 

(a) 

(b) 

(c) 
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3.4.2.2 Ear Canal Modal Variances 

Plotted in figures 3.13 to 3.18 are the effects of the first three modes of the ASM on the mean 

ear shape described above in the outlined lateral, inferior and posterior views for left and 

right ears. Plots include the shape generated with ±3 standard deviations on each particular 

mode as well as a plot of the mean for reference. Observing the negative and positive three 

standard deviations on the left and right ears respectively we see similar effects. There is a 

twisting outwards of the ear canal and increase in the bend angle of the first bend, 

accompanied by a lengthening of the ear canal. Conversely the opposing standard deviations 

show a shortening of the ear canal as well as an increase in the sharpness of the bend angle. 

The bend angle was measured to vary from 110° to 151° in the left ear and 92° and 156° in 

the right ear. Furthermore the entrance angle or angle at which the ear canal enters the first 

bend was found to vary between 13.5° and 19.1° in left and right ears respectively. A 

summary of all the measurements are shown in table 3.1. 

Mode two showed some similar trends to mode one but to a much less extent. However, there 

is a noticeable effect on the size of the ear canal along its primary axis. The width this 

dimension varied by 3.5mm in the left ear and 5.3mm in the right (see Table 3.1). The main 

effect of the third mode was a change in the angle of the ear canal posterior bend angle. That 

is the degree to which it bends upward towards the top of the head. There are also noticeable 

changes in the size and shape of the concha but as the focus of this study was on universally 

fitting ITE style hearing aids, these effects have not been quantified. 
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Table 3.1. Data showing all measured variables on output ear shape model plots for both left 
and right ears across modes 1-3 at ±3 standard deviations. Dashes represent data where the 

mean did not fall between the standard deviations and no trend in that measure was observed. 
Mode 1 

Value     Mean ± 
Mode 2 

Value     Mean ± 
Mode 3 

Value     Mean ± 

Twist 
Angle α 

Left Ears 
Mean=16.4° 

+3SD -21.1 -37.5 20.6 4.2 - - 

-3SD 48.5 32.1 11.7 -4.7 - - 

Range 69.6 8.9 - 

Right Ears 
Mean=20.5° 

+3SD 28.1 7.6 - - 26.8 6.3 

-3SD 5.5 -15.0 - - 11.7 -8.8 

Range 22.6 - 15.1 

Entrance 
Angle β 

Left Ears 
Mean=55.1° 

+3SD 61.2 6.1 54.3 -0.8 60.5 5.4 

-3SD 47.7 -7.4 60.6 5.5 40.3 -14.8 

Range 13.5 6.3 20.2 

Right Ears 
Mean=52.3° 

+3SD 61.2 8.9 - - 51.2 -1.1 

-3SD 42.1 -10.2 - - 54.1 1.8 

Range 19.1 - 2.9 

Bend 
Angle δ 

Left Ears 
Mean=139.4° 

+3SD 109.7 -29.7 134.0 -5.4 143.6 4.2 

-3SD 151.0 11.6 148.8 9.4 132.0 -7.4 

Range 41.3 14.8 11.6 

Right Ears 
Mean=133.6° 

+3SD 155.8 22.2 132.7 -0.9 128.9 -4.7 

-3SD 92.5 -41.1 135.8 2.2 135.9 2.3 

Range 63.3 3.1 7.0 

Posterior 
Bend 

Angle  ψ 

Left Ears 
Mean=27.3° 

+3SD 30.9 3.6 16.4 -10.9 17.4 -9.9 

-3SD 24.8 -2.5 29.2 1.9 34.3 7.0 

Range 6.1 12.8 16.9 

Right Ears 
Mean=18.3° 

+3SD 24.7 6.4 - - 28.6 10.3 

-3SD 13.6 -4.7 - - 10.8 -7.5 

Range 11.1 - 17.8 

Ear Canal 
Principal 

Axis 

Left Ears 
Mean=9.3mm 

+3SD - - 11.1 1.8 9.0 -0.3 

-3SD - - 7.6 -1.7 9.5 0.2 

Range - 3.5 0.5 

Right Ears 
Mean=8.7mm 

+3SD 7.7 -1.0 5.8 -2.9 - - 

-3SD 10.3 1.6 11.1 2.4 - - 

Range 2.6 5.3 - 

Ear Canal 
Secondary 

Axis 

Left Ears 
Mean=5.8mm 

+3SD 7.8 2.0 6.7 0.9 - - 

-3SD 5.4 -0.4 5.4 -0.4 - - 

Range 2.4 1.3 - 

Right Ears 
Mean=6.3mm 

+3SD 5.5 -0.8 7.2 0.9 6.5 0.2 

-3SD 7.5 1.2 5.8 -0.5 5.5 -0.8 

Range 2.0 1.4 1.0 
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Figure 3.13. Lateral view of left ears showing the effects of the first three modes of variation on  mean ear impression shape.  
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Figure 3.14. Inferior view of left ears showing the effects of the first three modes of variation on mean ear impression shape. 
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Figure 3.15. Pos terior view of left ears show ing the effects of the first three modes of variation on mean ear impression shape. 
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Figure 3.16. Lateral view of right ears show ing the effects of the first three modes of variation on mean ear impression shape. 
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Figure 3.17. Inferior view of right ears show ing the effects of the first three modes of variation on mean ear impression shape. 
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Figure 3.18. Pos terior view of righ t ears showing  the effects of the first three modes of variation on mean ear impression shape.  
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3.5 Concluding Remarks 

Analysis of the first few modes of variation provides some possible constraints or 

requirements on a hearing device or a hearing device range if it wishes to be truly 

“universal”. Whilst most real ear canal shapes are likely a combination of many of these 

modes, designing around the effects of the most important modes seems prudent. 

Furthermore as certain modes can be identified as particularly important to a shape 

characteristic key for a good fitting hearing aid, it would seem logical to design around 

variation on that mode. 

Whilst symmetry of the ears is not assumed and indeed some considerable differences have 

been observed between left and right ear models, generally a single design solution is desired. 

That is, the mechanism for addressing the variability is the same However this data suggests 

that the design of left and right ears needs to be looked at entirely separately, with very real 

different modes of variation of each. 

From the data collected we suggest that a universally fitting one size fits all in ITE hearing 

aid device should be able to accommodate bending up to 30° and 41° for left and right ears 

respectively, from the mean shape. The mean shape should angle backwards at approximately 

133° and 139° back and to the side 27° and 18° for left and right ears respectively. The 

device may be more rigid in the sideways (superior- inferior) direction as this direction 

requires much less bend approximately 10°. The device should have a roughly elliptical cross 

section but also must be able to accommodate a change in size of approximately 19% and 

30% for left and right ears respectively. This is an important consideration as many 

universally fitting hearing devices identified have made use of domes or rounded tips to fit 

the many different ear shapes. This may also explain why some people have more luck with 

these tips and domes as their ear canal shape may be varied to be more rounded such as that 

seen in mode 2. Furthermore the ear canal is seen to twist slightly outward at approximately a 

20° angle, but this can vary by as much as 38° and 15° for left and right ears respectively. 

The device would enter the ear at an approximately 53° angle, but data suggest this entrance 
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angle can vary up to 10°. Both this twisting and angle of entry need to be accommodated 

when considering the ease of insertion and removal the device. 

It is the authors belief that a truly one size fits all or universal device is not a possibility given 

the shape variances observed. Firstly the model is developed from a sample of ear scans there 

will always be unusual ear shape outliers not accounted for in the model. Secondly, given the 

large amount of variation observed and the relative success of articulated or otherwise soft 

deformable devices in the market (identified in chapter 1), an effective means of 

accommodating all this variation with significantly effecting comfort is not available. 

To meet the demand for universally fitting device one of two strategies could be employed. 

One could design the hearing aid around the mean shape identified providing as much 

conformity in the design as possible around key identified features such as bend angle, twist 

angle extra. This will result in a single product design that fits as many individuals as 

possible.   

Alternatively one could design 2 or 3 one size fits many devices to accommodate for the 

variance in the population. One device would be designed at those with ear shapes that are 

straighter, longer and twist outward. A second would be designed at those with ear canals 

which bend back more sharply and twist in, and a third device around the mean ear shape.  It 

is believed that this method would result in a better fit for all as less conformity has to be put 

into each design. Given the market trends in universal design a one size fits many hearing aid 

line based on shape model would meet the market need for a cheaper and more accessible 

hearing aid product. 

Further expansion of the data set to include more shape instances has been identified as a 

future extension of this work. This will provide a more accurate understanding of the 

underlining distribution of the variances described by each mode. It will also help verify the 

relative importance of the first few modes which have so far shown to be relatively 

insensitive to data set size. Also if metadata information was made available analysis of the 

effects of age, sex and ethnicity may also provide valuable insight into design for these 

specific markets. 



CHAPTER FOUR 

ALTERNATIVE VENTING CONFIGURATIONS 

This chapter focuses on proposed alternative multi-venting configurations for the application 

of hearing aids. Firstly, the traditional method used for venting of earmoulds and hearing aids 

is outlined. This is followed by a review of some of the acoustic principles behind venting 

and previous studies on earmould venting parameters of traditional vents, along with some 

common variants. Finally a new venting configuration is proposed and conceptually tested 

for relevance to the hearing device market. Testing focuses on the feedback and occlusion 

performance of the venting configuration, identified as important in the design of hearing aid 

products in chapter 2. Major work discussed in this chapter has been published by the author 

in Acta Acustica United With Acustica [144] and exhibited in an academic research poster at 

the American Academy of Audiology's annual convention AudiologyNow! 2011 in Chicago 

(see Appendix E). 

4.1 Traditional Venting 

Venting has been incorporated into hearing aid design since 1942 [36]. Venting is 

incorporated into hearing aid design in order to perform pressure equalisation and reduce 

occlusion effects. Traditional venting of a single parallel vent channel, running from the base 

plate to the end plate of the hearing aid, is still widely used in hearing aid fitting (Fig. 4.1). 

Vent diameters vary, but normally range between 1 and 3mm. Audiologists look for a 

balance, where the vent is big enough to reduce occlusion, whilst small enough to avoid 

feedback. Thus in the past these two effects have been seen as a trade off, where increasing 

performance in one area is believed to negatively affect the other 
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Figure 4.1. Diagram of ITC hearing aid showing single parallel vent 

4.2 Acoustics of Venting 

A hearing aid or earmould inside the ear canal, can be thought of as a kind of Helmholtz 

resonance system. The contained volume of air behind acts as an acoustic capacitance and the 

vent itself acts as an acoustic mass. This requires an understanding of sound waves and the 

concepts of impedance, compliance and acoustic mass. Fortunately direct analogues of these 

acoustic properties and others in mechanical and electrical resonant systems exist (See Table 

4.1). These can thus be used to model the more complex behaviour of sound waves. Indeed it 

is very common to see lumped electrical model used to describe acoustic properties of the 

hearing aids and the human ear in literature. 
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Table 4.1. Properties of acoustic systems and analogous properties in mechanical and 
electrical systems. 

4.2.1 Impedance 

There are two distinctly different forms of impedance applied to acoustic systems, acoustic 

impedance and specific acoustic impedance. Acoustic impedance describes impedance 

behaviour near surface and within a confined medium. Specific acoustic impedance defines 

the impedance of sound travelling through an extended medium. 

Acoustic Electrical Mechanical 
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 Specific acoustic impedance is the impedance per unit area in an extended sound medium. 

Thus it may be expressed as the ratio of sound pressure to particle velocity in the sound 

medium. 

u
PZ S 

(20)

For plane waves, sound pressure P and particle velocity u are in phase and the specific 

impedance becomes just a resistive relationship describing the energy loss of the wave as it 

travels through the medium. This property is dependent on only the density and speed of 

sound of the medium and is often referred to as the characteristic impedance of the medium 

at that pressure and temperature. 

cZS 0  (21)

Acoustic impedance is the ratio of sound pressure to volume velocity in the sound medium. 

Acoustic impedance vector consists of two properties, known as resistance R and reactance X. 

Acoustic reactance describes the ratio of sound pressure to the component of volume velocity 

that is a quarter cycle out of phase with the pressure, and the resistance describes that which 

is in phase. Generally, impedance is described as a complex number system whereby the 

resistance makes up the real part of the impedance and the reactance makes up the imaginary 

part. 

jXRZ   (22) 

The impedance of the system is defined as the magnitude of impedance vector and the phase 

lag/lead is given by the tangent angle ψ. 

22 XRZ  (23) 

R
X

tan (24) 
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Acoustic reactance is further made up out of two components; acoustic compliance C and 

inertance or acoustic mass M. Reactance can be calculated at a particular angular frequency ω 

using the formula: 

C
MX




1


 (25) 

4.2.2 Acoustic Mass 

Acoustic mass is the acoustic equivalent of mass in mechanical systems or inductance in 

electrical systems. It is defined as the pressure over the rate of change of volume velocity or 

volume acceleration. 

aS
P

dU
Pdt

onAcceleratiVolume
Pressure SoundM   (26) 

Where P is sound pressure, U is volume velocity, a is particle acceleration and S is cross-

sectional area. 

Given that: 

S
ma

S
FP 

 (27) 

Acoustic mass of a cylindrical volume may be expressed simply by a ratio of its length over 

area. 

S
L

S
V

S
mM 0

2
0

2




(28)

It can be thought of as the inertia of the volume of air within the acoustic sound path to 

transmission of the acoustic kinetic energy. 
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4.2.3 Acoustic Compliance 

Acoustic Compliance is the acoustical measure of the elastic properties of a volume of air. It 

is analogous to mechanical compliance and electrical capacitance and is a measure of the 

systems ability to store energy. More specifically, acoustic compliance is defined as the 

volume displacement per unit pressure. For a volume of trapped air, such as that occurring in 

the ear canal, this can be thought of in a similar way to a piston. A small unit change in 

pressure, will cause a displacement of the piston and a slight change in cavity volume. 

Provided the dimensions of the cavity are small compared to the wavelength of the sound 

source, the pressure within cavity is constant at all points and the cavity behaves similar to a 

mechanical spring. The acoustic compliance for a given volume can be calculated, assuming  

adiabatic compression. 

P
VVC




 (29) 

Where   is the bulk elastic modulus and   is the adiabatic index that is the ratio of specific

heats. Furthermore, given that the speed of sound may be expressed as: 

00 





 Pc 

 (30) 

Acoustic compliance can be further simplified to; 

2
0c
VC


  (31) 
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4.2.4 Helmholtz resonator 

A Helmholtz resonator consists of a contained volume of air connected to ambient air by a 

short tube. Sound is introduced inside the cavity producing a particular resonant frequency of 

the system. 

While the dimensions of the tube remain small compared to its half wavelength fundamental 

frequency, harmonic resonances of the tube element can be ignored. The air in the tube thus 

can be seen to oscillate up and down with the pressure changes in the air cavity and is 

considered an acoustic mass element. Similarly while the dimensions of the cavity are small 

compared to the wavelength of the sound pressure in the cavity, it can be assumed to be 

constant with location, forming a purely elastic acoustic capacitance component. As such, a 

Helmholtz resonator is equivalent to a mechanical harmonic oscillator (mass on a spring) and 

a LCR circuit in electrical systems (Fig. 4.2). Note that in the acoustic and mechanical 

systems the resistance is caused by viscothermal effects and friction respectively. 

C

M L

C

R
mass

1/k

L
d

(a) (b) (c)
Figure 4.2. Diagram of a) Helmholtz resonator and equivalent b) Harmonic oscillatory 

(mechanical) and c) LCR circuit (electrical) 
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Impedance of the systems can be calculated at any angular frequency ω using: 

V
c

S
L

C
MX
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001

 (32) 

Resonance occurs at the frequency when the reactance of the system is zero such that: 

C
M




1


(33) 

Solving for the resonant frequency f gives: 
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MC
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 222
1 2

0

 (34) 

Hearing aids have been studied as an approximate Helmholtz resonator, with sound being 

produced in the ear cavity behind the ear (by the hearing aid receiver) and the vent path 

acting as the acoustic mass. Thus it is seen that by adjusting the length and cross sectional 

area dimensions of the vent path the resonant frequency of the sound is changed, adjusting 

the acoustic performance. 

4.3 Previous Studies on Hearing Aid Venting 

Acoustic studies on traditional parallel vents and other variations such as reverse horn, side 

branch vents and non-occluding soft silicone ear tips, have shown occlusion effects to be 

roughly linear with the log of acoustic mass of the vent [37-42]. It has been shown that, wider 

and shorter vents provide more occlusion relief with the best results coming from non-

occluding soft ear tips [37-42]. This is due to a shift up in the vent Helmholtz resonance 

frequency to frequencies beyond where occlusion remains an issue. While the focus of these 

studies was primarily on the occlusion performance of different venting configurations, some 

studies also reported a decrease in the maximum available gain before feedback with 

increasing vent size. 
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4.4 Testing Rational 

A multiple acoustic venting system has been examined in this study to see what effect 

increasing vent path number and vent path size has on acoustic performance of a pressure 

equalising venting system. In terms of venting, the optimal solution would be one that 

enables transmission of low frequency bone conducted voice sounds out of the ear easily, 

while attenuating high frequency sounds related to acoustic feedback. Narrow acoustic 

channels have been used effectively in earplug design in order to attenuate high frequency 

noise through increased resistance due to viscothermal effects [145, 146]. Furthermore 

increased acoustic resistance due to smaller vent size may potentially dampen vent resonance 

and decrease occlusion. Multiple small vents present a potential solution for reducing 

occlusion while limiting leakage of high frequency sounds responsible for feedback. By 

expanding beyond the traditional understanding of an acoustic vent as a single tube running 

from hearing aid base plate to end plate, to a system of multiple venting paths we may be able 

to obtain a hearing aid system that provides improved acoustic performance and is easier to 

fit to the specific acoustic needs of each individual. 

4.5 Method 

Methodology for testing the acoustic properties of multiple venting is separated into two 

areas; coupler test methods and real ear testing. First coupler testing of seven prepared 

multiple vented acoustic samples in a custom made 2cc coupler via a variety of methods is 

described. This is followed by methodology used for real ear probe tube testing. This was 

conducted to determine if effects seen in multiple vented acoustic samples were applicable to 

real ear situations and to compare multiple and traditional vented earmoulds in a real ear 

context. 

4.5.1 Test Coupler and Samples 

In order to assess only the effects of the venting channel on acoustic performance, a coupler 

testing method was used. A custom 2cc coupler was created to mount test samples with 
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varying vent diameter, length and number (Fig. 4.3). The coupler was designed to provide a 

2cc volume of air between the microphone and mounted sample. In order to provide a tight 

seal when testing with a ½ inch microphone, an ethylene-vinyl acetate (EVA) packing foam 

with a density of 0.11g/cm3 was used (Fig. 4.3). This forms a type of custom 2cc coupler

similar to standard 2cc couplers specified in ANSI S3.22- 2003, which is used for the testing 

and verification of hearing aids [147]. The custom coupler allowed the effects of venting and 

vent associated resonance to be studied, while removing some variability associated with real 

ear microphone measures. 

Figure 4.3. Cross-sectional diagram of test coupler with vented test sample and ½ inch 
microphone in place 

A non-standard coupler was used in this case as standard couplers are designed to be tested 

without venting, either by directly connecting to hearing aid receivers (HA-2,type) or by 

recommending vents be blocked with a clay or putty (HA-1 type) [147]. Furthermore, the 

proposed custom coupler design provides more space to test the principle of multiple venting, 
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without the concerns of the physical limitations of space on the earmould or hearing aid 

faceplate. Mounting sample in the coupler also ensures that the orientation of the sample 

remains the same for all testing, as opposed to using a putty mounting method such as that 

used for ITE and CIC devices on HA1 couplers. 

(a)      (b) 
Figure 4.4. Diagram of acoustic samples showing vent layouts and corresponding vent 

numbers for testing using a) insertion gain test method 1 b) all other testing methods 

Seven round acoustic test samples (34mm in diameter) were prepared for testing with varying 

vent diameters and thickness. Five samples were machined from Poly(methyl methacrylate) 

PMMA with vent diameters of 1, 0.8, 0.6, 0.5 and 0.4mm and a thickness/vent length of 

9mm. This material was chosen as it is similar to the hard acrylics used in hearing aid 

manufacture. Two additional samples were created to test the effects of varying vent length 

and vent material on a multi vented sample. These include a 9mm thick sample with 1mm 

vents, moulded using a vulcanising two part silicone rubber impression material called 

Fricotan (ρ=1.4g/cm3) and a machined PMMA sample with 1mm vents and a vent length of

18.5mm. The layout of the vents remained the same for all tests, with the exception of the 

central hole. This hole was used as the 31st vent for insertion gain test method 1. For other

tests this position was used for a larger 3mm hole to accommodate a length of medium #13 
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hearing aid tubing with an internal diameter of 0.076 inches (1.93mm) (Figs. 4.4a and 4.4b). 

This allowed for attachment of insert earphones and dummy hearing aids used in these test 

methods. Table 4.2 shows a summary of the all the samples and the tests performed on each 

using the test methods describe below. 

Table 4.2. Summary of acoustic samples and tests performed on each. 
Sample 

No 
Material 

Vent 
Size 

Vent 
Length 

Insertion Gain Feedback Gain / Vent Effect ‡ 

Method 1* Method 2† Vent No. 

1 PMMA 1mm 9mm   30,22,14,8,4,1,0 

2 PMMA 0.8mm 9mm   30,8 

3 PMMA 0.6mm 9mm   30,8 

4 PMMA 0.5mm 9mm   30,8,1 

5 PMMA 0.4mm 9mm   30,8 

6 Silicone 1mm 9mm X  30,26,22,18,14,10,8,6,4,2,0 

7 PMMA 1mm 18.5mm X  30,26,22,18,14,10,8,6,4,2,0 
* Tested at 31,27,23,19,13,11,9,7,5,3,1,0 vent number at 78 & 89 dBA using vent layout in fig. 4.4a. 

† Tested at 30,26,22,18,14,10,8,6,4,2,1,0 vent number at 75 & 90 dBSPL using vent layout in fig. 4.4b 
‡ Tested using vent layout shown in fig. 4.4b at 90 & 100 dBHL at vent numbers shown for each sample. 

4.5.2 Simulated Coupler Insertion Gain 

A simulated insertion gain measure has been used to measure the effect of the venting 

configuration on transmission of direct sounds entering the coupler. It is calculated as the 

difference between the sound pressure level within the coupler and that produced in the 

environment without the coupler and sample. Simulated coupler insertion gain will be 

henceforth referred to as just insertion gain but is not to be confused with the real ear measure 

of insertion gain or real ear insertion gain (REIG). Insertion gain frequency plots give an 

indication of system resonances as well as the ease of transmission across the multi-vented 

sample material. Peak occlusion has been reported to occur primarily between 200 and 500 

Hz but may occur up to 1,000Hz [148, 149]. Understanding the system resonances of venting 

systems is important in predicting frequency bands where occlusion may occur. 

Two test methods were used to measure insertion gain and are outlined in the section test 

method 1 and test method 2. The first test method involved testing in a sound treated room 
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using an ad hoc testing setup. This method was used only for the five 9mm PMMA samples 

looking at the effect of vent size and number. The second method involved using a hearing 

aid test box with the custom made coupler to test the acoustic samples. This second method 

was used for both the 9mm PMMA samples and the two other samples looking at the effect 

of vent length and sample material. To determine if this effect can be described by basic 

acoustic theory, a simple acoustic model of insertion gain has also been developed and is 

described below. 

4.5.2.1 Insertion Gain Test Method 1- Sound Treated Room 

The five 9mm PMMA samples with varying vent diameter were tested in a sound treated 

room by playing white noise through a speaker and measuring the attenuation of sound 

through the sample. A Brüel & Kjær (B&K) 4144 one inch microphone attached to a B&K 

type 2250 hand held analyser were used for the measurements. Calibration was performed 

before testing using the appropriate B&K 4231 sound calibrator. White noise with a sample 

rate of 25 kHz was produced using a PC and National instruments NI PXI 1036 digital to 

digital converter. This signal was amplified using an Aiwa XR AVH1200 amplifier and 

played on a 6inch Grason-Stadler speaker. Digital signal data from the sound pressure level 

meter was subtracted from the original noise signal using the digital to digital converter with 

a two input, two output, 24bit PXI card (NI PXI 461) and digitally logged to a PC.  

The speaker was placed at 90 degrees to the sample orientation at a distance of 13cm. Data 

were logged in the computer as a root mean square average every 10 readings with a 5 Hz 

resolution. Testing was conducted using broadband noise at both 78.2 ± 0.4 dBA  and 89.2 ± 

0.4 dBA to test for any nonlinearity in the acoustic system. Samples were tested with all 31 

vents open and then these vents progressively closed up with tack and retested at 27, 

23,19,13,11,9,7,5,3, and 1 holes, as well as fully occluded condition for both sound levels. 

Vents were blocked at both ends and were blocked progressively inward in a rough 

symmetrical pattern. The procedure for blocking can be seen in table 4.3 and was keep 

constant across samples tested. Each reading was recorded five times and averaged to ensure 

scientific repeatability. 
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Table 4.3. Vent blocking procedure for insertion gain test method 1 with diagrams. Black 
dots indicate vents that are blocked. 

Number of Vent 
Holes Open 

Vent Configuration Vents Closed Vents Open 

31 None 1-31 

27 1,2,7,8 3-6,9-31 

23 1-3,6-9,12 4,5,13-31 

19 1-12 13-31 
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Number of Vent 
Holes Open 

Vent Configuration Vents Closed Vents Open 

13 
1-13, 

15,17,19,21,23 
14,16,18,20,24-31 

11 1-15,17,19-21,23 16,18,22,24-31 

9 1-17,19-23 18,24-31 

7 1-24 25-31 
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Number of Vent 
Holes Open 

Vent Configuration Vents Closed Vents Open 

5 1-24,26,29 25,27,28,30,31 

3 1-26,28,29 27,30,31 

1 1-30 31 

0 1-31 None 
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Average standard deviations of insertion gain measurements for all samples at each observed 

frequency are displayed in figure 4.5. Between the frequency range of 50Hz and 6 kHz the 

average standard deviation of insertion gain measurements is less than 2 dB and at extremely 

low and extremely high frequencies the error increases. High frequency error is due to sharp 

roll off seen in the electrostatic actuator response of the Bruel & Kjær type 4144 pressure 

field 1” microphone used. Low frequency error is likely to be due to inability of the speaker 

system to accurately and reliably produce extremely low frequency sound. As such these 

frequencies will be ignored when analysing results of samples tested using this method. 

Figure 4.5. Average standard deviation of insertion gain measurements of samples against 
frequency showing the valid frequency range of test method 1. 

In order to assess the reproducibility of results, repeat sound pressure readings on different 

days were performed. Output of the speaker was tested by reproducing the average readings 

of sound level difference (relative to generated unamplified white noise signal) at the 

microphone with no sample or coupler. That is, each day of testing the testing equipment was 

reset and a different average response was measured. An example correlation plot showing 
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the correlation of average data collected on test day 3 to the overall global average at 

corresponding frequencies can be seen in figure 4.6. A full set of plots for all test days can be 

seen in appendix A. These show good correlation with the x-y line representing global 

average. This shows that the sound field set up on each day is reproducible at both sound 

levels using the method and that recordings taken on different days are comparable. 

Figure 4.6. Sample correlation plots of measurements of sound level difference without 
coupler in place taken on day three against the global average across all days 

Figure 4.7. Sample correlation plots of measurements of sound level difference with the 
coupler but no sample in place taken on day three against the global average across all days 

Additional sound level difference measurements with the coupler in place, but no sample on 

top, were also assessed. Example plots of this can be seen in figure 4.7 with a further 

complete set of data included in appendix A. Again this shows that the couplers effect on the 

sound recorded at the microphone is constant and repeatable.  
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4.5.2.2 Insertion Gain Test Method 2- Hearing Aid Test Box 

All samples tested using insertion gain test method 2 had 30 vents in the pattern shown in 

figure 4.4b. This includes the five 9mm PMMA samples which were modified slightly from 

previous tests using insertion gain test method 1. Medium #13 hearing aid tubing was 

incorporated in an attempt to study the occlusion effect more directly, similar to how one 

would with real ear studies. 

Measurements of the effect of external sounds entering the coupler was conducted using a 

Fonix 6500- CX hearing aid test box. A swept tone signal was generated at 75 and 90 dBSPL 

and the levels at the ½ inch test microphone in the coupler were recorded. A BTE style 

ReSound Azure hearing aid was attached to the #13 tubing extending 25mm above the 

sample. The BTE device remained off during testing but was included to mimic standard 

coupler and real ear testing configuration. Samples were tested with 12 different vent 

numbers ranging from 30 to 0 vents, on all samples with both 75 and 90 dBSPL incident 

sound. These incident sounds levels were chosen to avoid the noise floor of the testing 

equipment as well as test the effect of incident sound level on insertion gain. Care was taken 

to make sure that the hearing aid was positioned in the centre of the box each time and that 

the coupler and sample were in same position in the test box in each instance. 

Similar to test method 1, samples were tested with all vents open and then vents 

progressively closed up with tack to reduce the total available vent paths. As tack or adhesive 

would not adhere to the surface of the silicone sample (due to its waxy surface) this sample 

was blocked using small pieces of 1mm wire approximately 9mm long. This wire was used in 

the moulding of the silicone sample and fit tightly within the acoustic vents. Table 4.4 

outlines the vent blocking testing procedure of this method which is modified from that of 

test method 1 as the total number of vents was different. 
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Table 4.4. Vent blocking procedure for insertion gain test method 2 with diagrams. Black 
dots indicate vents that are blocked. 

Number of Vent 
Holes Open 

Vent Configuration Vents Closed Vents Open 

30 None 1-30 

26 1,2,7,8 3-6,9-30 

22 1-3,6-9,12 4,5,13-30 

18 1-12 13-30 
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Number of Vent 
Holes Open 

Vent Configuration Vents Closed Vents Open 

14 1-13, 15,19 ,21 14,16-18,20,22-30 

10 1-15,17,19-21,23 16,18,22,24-30 

8 1-15,17-21,23,24 16,22,25,30 

6 1-24 25-30 
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Number of Vent 
Holes Open 

Vent Configuration Vents Closed Vents Open 

4 1-25,28 26,27,29,30 

2 1-26,28,29 27,30 

1 1-28, 30 27 

0 1-30 None 
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Five repeat measurements of sound pressure level within the test box show average standard 

errors of 0.4 dB across all frequencies for both 75 and 90 dBSPL sound levels. Likewise, 5 

repeat measures of sound pressure level with the coupler (with no sample in place) show 

average standard deviations of 0.3 dB. This indicates that the sound level created by the box 

and the effect of the coupler was fairly constant and repeatable. 

Figure 4.8. Average standard error of repeat measurements of insertion gain on seven 
samples against frequency. 

To assess the repeatability of sample measurements, triplicate measures at both tested sound 

levels of all 7 samples, each with a random number of holes blocked, were performed. For 

each retest, samples were removed from the coupler and vents unblocked and sample 

prepared again and retested. The average standard error of repeat measures across all the 

samples, at all frequencies, was 1.3 dB (see Table 4.5). Figure 4.8 shows a plot of the average 

standard error of the samples with frequency. Average standard error was seen to be greatest 

at around 500-800Hz and above 6,700Hz. This is to be expected as high frequency sound 
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with wavelengths more similar to coupler dimensions and areas where resonances frequently 

occur, are more prone to slight variations in testing conditions. 

Table 4.5. Average standard errors across all frequencies of repeated measures on samples 
tested at both 75 and 90 dBSPL using insertion gain test method 2. 

Sample 
No 

Vent 
Diameter 

Thickness 
Vent 
No 

Average Standard Error Sample 
Average 75 dBSPL 90 dBSPL 

1 1mm 9mm PMMA 26 0.7 0.6 0.7 

2 0.8mm 9mm PMMA 18 1.1 1.3 1.2 

3 0.6mm 9mm PMMA 10 1.2 1.2 1.2 

4 0.5mm 9mm PMMA 2 3.3 2.6 2.9 

5 0.4mm 9mm PMMA 6 1.3 1.1 1.2 

6 1mm 18.5mm PMMA 4 1.7 1.8 1.7 

7 1mm 9mm Silicone 30 0.5 0.5 0.5 

Average 1.4 1.3 1.3 

Samples with lower vent number (i.e. more blocked vents) showed less repeatability (Table 

4.5). However repeat measures without moving the sample in the test box also showed 

variability. This indicates that the increased variability of these samples repeat measures is 

likely due to complex sound propagation through the sample with minimal venting and test 

box microphone sensitivity. As vents are blocked progressively, comparability between data 

collected at different vent numbers on a single sample is greater, as the systematic error 

associated with how the vents are blocked remains the same. 

Ambient system noise levels were also measured inside the test box with the microphone 

inside the coupler and outside the coupler. Figure 4.9 shows plots of measured noise inside 

the test box (a) and inside the coupler in the test box (b) measured with a variety of different 

vent numbers. Measured sound levels during testing where found to be at least 12dB greater 

than the measured ambient noise. Insertion gain measurements calculated from these 

measurements would therefore be unaffected by noise entering the test box.  
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(a) (b) 

Figure 4.9. Ambient noise Levels measured inside the hearing aid test box (a) and inside the 
coupler in the test box (b) 

4.5.2.3 Acoustic Modelling 

An acoustic model of the samples insertion gain has been developed in order to see if the 

acoustic behaviour of the system may be described by basic acoustic principles. The model 

developed is analogous to an electrical 4 pole network model and has been adapted from 

work by Egolf on acoustic modelling of sound in acoustic paths of hearing aids, human ears 

and probe tube microphones [150-156]. It involves expressing the sound pressure and volume 

velocity at the beginning (PS and US) of the tube in terms of these properties at the end of the 

circular tube (PE and UE). It is found that the properties at the end of the tube can be 

described in terms of their characteristic impedance Zn, a propagation constant Γ and length L 

such that: 

EnES ULZPLP )sinh()cosh(   (35) 
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In matrix form, a transmission matrix that becomes the bases of the 4 pole network model is 

set up. 
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These are square 4 pole transfer blocks with the letters A,B,C,D describing the 4 elements of 

the transmission matrix. An example of a simple 4 pole network diagram block can be seen in 

figure 4.10. 

Figure 4.10. Example of a 4 pole network block for modelling acoustic systems terminated 
in a block representing a microphone of known impedance. 

Exact forms of the characteristic impedance and propagation constant have been established 

by Iberall and involve complex solutions containing Bessel functions and varying with 

frequency and fluid properties [157]. This type of solution is known as the low reduced 

frequency analytical solution for viscothermal wave propagation and comes from certain 

simplifications of the governing Navier-Stokes equation. These low reduced frequency 

solutions are found to be adequate to describe sound transmission across the audio frequency 

range, through capillary tubes where both acoustic resistance and reactance are important 

elements. Furthermore, low reduced frequency solutions are often used to validate 

viscoacoustic finite element models that are then expanded to include more complex 

geometries [158, 159]. For a review on literature of viscothermal wave propagation 

modelling including full linearised and simplified Navier-Stokes models, see Beltman 1999 

[160]. 

Zmic 
A B 

D C 
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When these acoustic paths are terminated by a microphone of known impedance, a series of 

solvable linear equations are set up: 

EES BUAPP   (38) 

EES DUCPU   (39) 

micEE ZUP   (40) 

Solving these we get: 

SE P
BAZmic

ZmicP



 (41) 

And converting to SPL and solving for the insertion gain we get: 

BAZmic
ZmicSPLSPL SE


 10log20

(42)

In order to describe the system being tested with multiple vent paths, the following system 

diagram was established (Fig. 4.11). 
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Z
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C1 D1

A2 B2

C2 D2
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Zmic= 
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Figure 4.11. Four pole network diagram used for modelling the acoustic system. 

The parallel blocks are the N acoustic paths of the vents tubes which then combine before 

travelling through the 2cc coupler space and terminating at the probe tube microphone. 

Lampton describes combining transmission matrices T for branched systems such as the a 

parallel input parallel output (pipo) system described [161]. In this case, as all the parallel 

paths are identical, the matrix simplifies to: 
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This may then be combined with the coupler block in a simple series matrix multiplication to 

give the transmission matrix for the entire system, that can then be used to determine the 

predicted sound level gain. 
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Matlab programming was used to implement this method. This allowed easy manipulation of 

matrices and quick and efficient determination of insertion gain values across a number of 

different frequency values. 

4.5.3 Vent Effect and Feedback Path Gain 

To determine the effect of sound vented out of the coupler, an insert earphone (E.A.R-Tone 

2A) has been used. Sounds enter the coupler via an insert earphone attached to the central 

#13 tubing and sound pressure inside and outside the coupler has been measured using a 

B&K 2250 sound level meter and B&K 4189 ½ inch microphone (calibrated using the 

appropriate B&K 4231 sound calibrator). Sound level meter measurements were taken as an 

audio-spectrum averaged across a 10 to 20 sec time period. The samples were tested inside a 

sound treated room and care was made to reduce reflections. Measurements outside the 

coupler were taken 20mm away from the coupler in front of the sample. A dummy 

microphone (diameter 13 mm, length 2.5 mm) was used in the coupler when measuring the 

level outside the coupler. The measurement microphone was shifted to measure level inside 

the coupler as in figure 4.3. This ensured that the same equipment with the same sensitivity 

was used in all measurements. 

Vent effect was used to measure the effect of venting on the sound pressure introduced inside 

the coupler via insert earphones. It is calculated as the difference between vented and 

occluded response measured inside the coupler. This measure is useful for determining the 

effect of venting and the system vent resonances on the sound pressure inside the coupler. 

Feedback path gain or feedback gain was used to measure the attenuation of sound leaving 

the coupler through the vented sample. The feedback path gain was calculated as the 

difference in the sound level measurements inside and outside the coupler. This provided 

information on how effective the venting configurations were at attenuating sound and the 

particularly important higher frequency feedback sounds leaving the coupler. 



86 Alternative Venting Configurations 

The 9mm thick, 1mm diameter (sample 1) was chosen to observe the effects of vent number 

on vent effect and feedback gain and was tested at 30, 22, 14, 8, 4, 1 and 0 vent numbers. The 

pattern used for blocking vents was the same as those used in insertion gain test method 2 at 

each tested vent number (Table 4.4). Vent size effects were tested at both 30 and 8 vent 

number for all the 9mm PMMA samples (samples no 1-5). These 9mm PMMA samples were 

tested at both 100 and 90 dBHL to observe any non-linear sound attenuation effects. Noise 

levels inside and outside the coupler were measured on 14 different occasions and recorded 

measurements within 2 standard deviations of average noise were discounted. 

Alternative samples looking at sample material and vent length (samples 6 & 7) were tested 

at 30, 26, 22, 18, 14, 10, 8, 6, 4, 2, and 0 vent number, to observe the effects of vent number 

and incident sound level and compare these to sample 1 with the same vent size. 

4.5.4 Real Ear Testing 

In order to observe the venting performance of multiple acoustic vents in real application, 

real ear probe tube microphone tests have been conducted. All testing methods used were 

approved by the University of Auckland Human Participants Ethics Committee. Testing was 

performed on ten participants ranging in age from 25 to 29 who responded to email 

invitations. Participants consisted of 8 university students and 2 professionals, 8 of which 

were male. No screening of participants was used however all exhibited normal hearing in air 

conduction hearing test. The average air conduction audiogram can be observed in figure 

4.12. Ear impressions taken from each participant were made into two sets of acrylic 

earmoulds using rapid manufacturing provided by Widex. One set had a single, large, 4mm 

vent and the other set had four smaller 1mm vents. These two venting conditions have been 

chosen as both venting conditions take up roughly the same space on the earmould and 

therefore a good comparison measure. 
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Figure 4.12. Average participant air conduction audiogram 

Participants then returned to the clinic for probe tube microphone testing. Tests were 

conducted using Audioscan Verifit (Audioscan, A Division of Etymonic Design Inc, Ontario, 

Canada) equipment in a sound treated room. Test equipment was calibrated and testing 

conducted as outlined in the Verifit operations manual. Two real ear tests and a single 

subjective occlusion measure were performed in four test conditions, for both left and right 

ears. These test conditions were the unoccluded ear condition, single large vented earmould 

in place, multi-vented earmould in place and a blocked state in which the vents of the multi-

vented sample were blocked and tested again. 

The insertion gain test procedure first required the measurement of  each participant’s real ear 

unaided response (REUR). That is, the unoccluded ear response. REUR was measured using 

pink noise stimulus at 65 dBSPL. Real ear occluded response (REOR) and derived insertion 

gain (REIG) or insertion loss was then determined using pink noise stimulus at 65, 75 and 85 

dBSPL. 
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Occlusion effect measurements measured the SPL difference between the probe tube 

microphone located 25mm within the ear canal and a reference microphone outside the ear. 

Participants were asked to vocalise a sustained “ee” sound in a normal voice as per audioscan 

procedures. Occlusion effect measures were conducted in triplicate for all test conditions in 

both left and right ears. Some measurements in error caused by blocked probe tubes have 

been omitted from analysis. 

To obtain a subjective measure of insertion gain, subjects were asked to rate the naturalness 

of their own voice. Participants were asked to repeat the phrase “Baby Jeannie is teeny tiny” 

at normal speech levels as many times as they deemed necessary to assess the quality of their 

own voice and then mark on a line scale ranging from ‘completely natural’ to ‘very 

unnatural/ hollow sounding’. 

4.6 Results and Discussion 

The results of the coupler testing focused on tests performed on the five 9mm PMMA 

samples (sample 1-5). These results looked at vent size and number effects on acoustic 

performance of multi-vented acoustic samples. These samples may be referred to as the 

‘standard acoustic samples’ as opposed to the ‘alternative acoustic samples’ that deal with the 

effects of vent length and sample material. Results of the effects of sample material and vent 

length on insertion gain, vent effect and feedback gain (samples 6 and 7) are presented and 

discussed in sections 4.6.6 Sample Material Effects and 4.6.7 Vent Length Effects 

respectively. Finally, results of real ear testing are presented and discussed. In many cases, 

only a sample of the data collected is displayed in order to present clear, uncluttered plots, 

showing important trends with respect to vent number or size. For full plots at all vent 

numbers, sizes and sound levels see the attached Appendices. 
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4.6.1 Simulated Coupler Insertion Gain 

A typical insertion gain curve, obtained from both simulated coupler insertion gain measures, 

is shown in the diagram in figure 4.13. Gain in decibels measures the amplification in sound 

pressure level of sound travelling though the sample. Positive gain relates to an instance 

where amplification of sound has occurred due to system resonances. Negative gain, or 

attenuation of sound, occurs due to loss of energy from the sound wave as it passes through 

the sample. Maximum insertion gain peak occurs at the resonance frequency of the system 

where resonance dominates. As such the typical gain curve may be segmented into three 

sections. 

Figure 4.13. Labelled diagram showing typical gain curve response. 

At low frequencies there is a low attenuation regime where attenuation is near constant and 

approximately zero regardless of vent size or number. For some samples with less venting the 

low attenuation regime is beyond the observable frequency range. 
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This is preceded by a resonance dominated proportion caused by a peak located at the 

resonance frequency. For test method 1, peak gain was determined by curve fitting resonance 

peaks, to account for noise caused by small step size in frequency measurements. Results 

show there is no significant difference in vent resonance frequency observed between 

insertion gain data measured at different incident sound levels for both insertion gain test 

methods, on all seven samples. The difference between the magnitudes of peak resonance 

gain were not statistically significant when tested using method 2. However, a small 

statistically significant difference was observed when tested used method 1 (p=0.009). It is 

estimated that resonance gain magnitude was between 0.09 and 0.52 dB greater for 89 dBA 

incident sound, compared to samples tested with 78 dBA incident sound. This small observed 

difference is believed to be due to the effect of small noise oscillations in the data and 

methods used to smooth these out. As such, results regarding insertion gain vent resonance 

frequency and magnitude use mean values from both incident sound pressure levels. 

In the high attenuation regime, attenuation dominates and insertion gain falls away toward 

the higher frequencies. Some samples show little or no observable resonance peak and the 

gain curve simply shifts from low to high attenuation regimes. Furthermore for some samples 

tested, the low attenuation regime is beyond the observable frequency range. 

4.6.1.1 Vent Size Effect 

Comparing the effect of vent size at constant number on insertion gain, we see similar trends 

on observed resonance for both test methods. Example plots of vent size effects on insertion 

gain response from both test methods are shown in figures 4.14 and 4.15. Further plots at all 

vent numbers and sound levels measured, can be seen in appendices A and B. In the high 

attenuation regime, we see increased attenuation as vent size decreases. A decrease in 

observable vent resonance frequency and vent resonance magnitude, is also seen with 

decreasing vent size. Figures 4.16 – 4.19 show the effect of vent size on vent resonance 

frequency and vent resonance magnitude for all configurations of the standard 9mm PMMA 

samples that exhibited a vent resonance peak. 
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Figure 4.14. Example plot of the effect of 
varying vent diameter on the insertion gain of 
78 dBA incident sound, through a sample 
with 31 parallel vents, measured using 
insertion gain test method 1 

Figure 4.15. Example plot of the effect of 
varying vent diameter on the insertion gain of 
75 dBSPL incident sound, through a sample 
with 14 parallel vents, measured using 
insertion gain test method 2 

Figure 4.16. Plot showing effect of vent size 
on insertion gain vent resonance frequency, 
using insertion gain test method 1, for all 
standard samples that exhibited a vent 
resonance peak. 

Figure 4.17. Plot showing effect of vent size 
on insertion gain vent resonance frequency, 
using insertion gain test method 2, for all 
standard samples that exhibited a vent 
resonance peak. 

Figure 4.18. Plot showing effect of vent size 
on insertion gain vent resonance magnitude, 
using insertion gain test method 1, for all 
standard samples that exhibited a vent 
resonance peak.  

Figure 4.19. Plot showing effect of vent size 
on insertion gain vent resonance magnitude, 
using insertion gain test method 2, for all 
standard samples that exhibited a vent 
resonance peak. 
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4.6.1.2 Vent Number Effect 

Comparing vent number at constant vent size, we see a similar effects as that of vent size. A 

decrease in vent number results in an increase in attenuation in the high attenuation regime 

and a shift toward lower vent resonance frequencies. Example plots of vent size effects on 

insertion gain responses from both test methods are shown in figures 4.20 and 4.21, with the 

full set of plots available in appendices A and B. Figures 4.22 and 4.23 show the effect of 

vent size on vent resonance frequency for all the standard sample vent configurations tested, 

that exhibited a vent resonance peak. No clear trend in data was observed for magnitude of 

vent resonance with decreasing vent number. 

Figure 4.20. Example plot of the effect of 
varying vent number on the insertion gain of 
78 dBA incident sound, through a 1mm 
vented sample, measured using insertion gain 
test method 1 

Figure 4.21. Example plot of the effect of 
varying vent number on the insertion gain of 
75 dBSPL incident sound, through a 0.8mm 
vented sample, measured using insertion gain 
test method 2 

Figure 4.22. Plot showing effect of vent 
number on insertion gain vent resonance 
frequency, using insertion gain test method 1, 
for all standard samples tested that exhibited 
a vent resonance peak. 

Figure 4.23. Plot showing effect of vent size 
on insertion gain vent resonance frequency, 
using insertion gain test method 2, for all 
standard samples tested that exhibited a vent 
resonance peak. 
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4.6.1.3 Acoustic Modelling 

The proposed insertion gain system model for the acoustic system shows agreement with the 

overall profile of the insertion gain curves obtained and trends seen in vent number and size. 

Figure 4.24 and 4.25 shows example plots comparing modelled and measured insertion gain 

curves at both sound levels. For further plots see appendices A and B. However, the model 

tends to shift the curves towards higher frequencies compared to the curves of measured data 

for both test methods of insertion gain. We estimate that the median difference between the 

model and measured peak resonance frequency using insertion gain test method 1 is 160Hz ± 

20Hz. The mean difference in model and measured peak resonance magnitude is estimated to 

be 5.5 ± 0.5 dB. Measurements using insertion gain test method 2 shift peak resonance 

frequencies up on average 165 ± 22 Hz and is found to have a peak resonance magnitude on 

average 3.0 ± 0.3 dB greater than that predicted in the model. At low vent numbers, 

attenuation is considerably greater than measured particularly at high frequencies. This is 

likely due to sound transmission through the sample and coupler material unaccounted for in 

the model. 

While this model is not intended to create a complete description of the acoustics of the 

system, it shows that the resonant behaviour of the systems to variable changes is at least 

Figure 4.24. Example plot showing 
comparisons between the insertion gain 
predicted from the model to the measured 
insertion gain at 78 and 89 dBA, for a sample 
with seven 0.8mm vents using insertion gain 
test method 1. 

Figure 4.25. Example plot showing 
comparisons between the insertion gain 
predicted from the model to the measured 
insertion gain at 75 and 90 dBSPL, for a 
sample with four 1mm vents using insertion 
gain test method 2. 
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predictable according to acoustic principles. Further expansion of the model to include 

complex sound interference interactions and radiation impedance of sound as well as 

modelling sound leaking through the coupler may improve model compliance but only for the 

specific system in question. As this would serve little practical use for understanding the 

effects of multiple venting paths, this exercise has not been undertaken but has been 

identified as a possible extension of the work that has been conducted. 

...

Figure 4.26. Lumped electric system model diagram of a multi vented acoustic sample 

A simple lumped electrical model provides a logic check on the trends observed in vent 

resonance frequency with both vent number and vent size (Fig. 4.26). Combining these 

parallel paths similar to parallel inductances and resistances in an electrical system gives a 

simple Helmholtz resonator. The combined acoustic mass of the identical parallel vents with 

an acoustic mass M may be given simply as M/N. Thus the equation for vent resonance of a 

Helmholtz resonator when reactance equals zero given in equation 34 becomes: 

LV
Ndc

LV
SNc

MC
Nf

 422

2

 (45) 

As expected from insertion gain measures and trends observed in four pole electrical model, 

the vent resonance frequency f increases with both vent diameter d and vent number N. 
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4.6.2 Vent Effect 

Vent effect measurements also exhibited vent associated Helmholtz resonances. Below the 

vent resonance frequency attenuation of low frequency sounds is very minimal leading to 

negative vent effect in the low frequencies (Figs. 4.27 and 4.28). No significant difference in 

frequency and magnitude of resonance was observed between test at 100 and 90 dBHL. 

Similar to measurements of insertion gain, increasing vent resonance frequency is seen with 

increasing vent size and vent number (Figs. 4.29 and 4.30). This shows good agreement with 

published studies on vent size effects of traditional parallel and IROS vents using real ear 

measures [16, 36, 37]. A decrease in the magnitude of vent resonance is observed with a 

decrease in vent size (Fig. 4.31). However no clear trend in magnitude of vent resonance with 

decreasing vent number was observed. 

Figure 4.27. Example plot of the effect of 
varying vent diameter on the vent effect of 
100 dBHL incident sound, through a sample 
with 30 parallel vents. 

Figure 4.28. Example plot of the effect of 
varying vent number on the vent effect of 
100 dBHL incident sound, through a 1mm 
vented sample. 

Figure 2.29. Plot showing effect of vent 
number on vent effect resonance frequency, 
for all standard samples tested that exhibited 
a vent resonance peak. 

Figure 4.30. Plot showing effect of vent size 
on insertion gain vent resonance frequency, for 
all standard samples tested that exhibited a vent 
resonance peak. 
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4.6.3 Occlusion Performance 

Results suggest that larger vents provide improved occlusion performance as these larger 

vents have higher frequency vent resonances, that are less likely to affect low frequency 

occlusion. However, significant damping of vent resonances is obtained through the use of 

smaller vent paths. 

In order to compare the occlusion performance of the different venting configurations tested, 

average measures across 200-500 Hz have been used. This is the frequency band identified as 

prone to low frequency occlusion effects, and commercially available occlusion effect meters 

such as Etimotyics er33 use similar frequency ranges over which to measure occlusion effects 

[148, 162]. 

In terms of venting, to reduce occlusion effects little or no attenuation to sound in this 

frequency range is beneficial. This allows sound to pass though the sample most easily 

allowing low frequency, own voice sounds, to escape the ear. Resonance of the system is also 

to be avoided in this frequency range as this is likely to further increase the low frequency 

occlusion effect. 

Figure 4.31. Plot showing effect of vent size 
on insertion gain vent resonance magnitude, 
for all standard samples tested that exhibited 
a vent resonance peak. 
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Vent sizes have been compared according to the total cross sectional area of the vents (total 

vent area) as well the vent occupied area (VOA). VOA is an estimation of the space needed 

to implement a multiple venting.  As multi-venting requires some spacing between vents, 

vent diameter is considered an additional 1mm of diameter wider when calculating the VOA 

to account for this. Such that: 

4
)1( 2


dNVOA 

 (46) 

Where N is the number of vents used and d is the diameter. This is an important consideration 

when looking at multiple venting as space constraints on hearing aid faceplate or endplate 

may limit effective venting and occlusion performance. Thus vent occupied area is likely a 

more appropriate comparison metric comparing single and multiple venting. 

 Maximum turning points in mean low frequency insertion gain plots exhibited by larger 

sized vents, show where resonance dominates the acoustic transmission within the sample, 

for these vent number and size combinations (Figs. 4.32 – 4.35). This occurs as all or part of 

resonance peak of the sample coincides with the 200-500 Hz occlusion frequency band. 

Smaller vents have very small or no peak gain occurring and thus have more low frequency 

attenuation. At high vent area resonance has shifted beyond 200-500Hz band and average 

gain returns to near zero. At very low vent area, gain drops as resonance peaks disappear due 

to damping and shifting of the high attenuation regime to lower frequencies. Likewise, mean 

low frequency vent effect plot shows a positive vent effect due to resonances for large vents 

at low vent number (Figs. 4.36 and 4.37). 
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Figure 4.32. Mean low frequency insertion 
gain against VOA, for all the standard sample 
tested, at 78 dBA using insertion gain test 
method 1. 

Figure 4.33. Mean low frequency insertion 
gain against total vent area, for all the 
standard sample tested, at 78 dBA using 
insertion gain test method 1. 

Figure 4.34. Mean low frequency insertion 
gain against VOA, for all the standard sample 
tested. at 75 dBSPL using insertion gain test 
method 2. 

Figure 4.35. Mean low frequency insertion 
gain against total vent area, for all the 
standard sample tested. at 75 dBSPL using 
insertion gain test method 2. 

Figure 4.36. Mean low frequency vent effect 
against VOA, for all the standard sample 
tested at 100 dBHL. 

Figure 4.37. Mean low frequency vent effect 
against VOA, for all the standard sample 
tested at 100 dBHL. 
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Plot of insertion gain against total vent area show that at low total vent area, the low 

frequency average insertion gain is comparable for vents of different sizes (Figs. 4.33 and 

4.35). However, comparing against VOA we see that smaller require considerably larger area 

in order to achieve similar average insertion gain and thus occlusion performance (Figs. 4.32 

and 4.34). From these plots we see that larger vents are more efficient at transmitting low 

frequency occlusion sounds for a given area (Figs. 4.32 and 4.34), and reduce the sound level 

within the coupler the most (Fig. 4.36). However, increased systems Helmholtz resonances 

may greatly affect the occlusion performance of these larger vents at low numbers. Smaller 

vents show little or no vent associated resonance but require a much greater vent occupied 

area to achieve comparable occlusion performance. This increased resonance damping may 

have potential benefits for fitting of real ears with unpredictable acoustic properties. Dillon 

suggested that Helmholtz resonances observed in coupler measurements show little effect in 

real ear situations due to damping caused by increased resistances of the ear canal [38]. 

However, these resonance effects have been shown to increase low frequency gain output of 

hearing aids compared to occluded earmoulds using real ear measures [37, 39]. 

4.6.4 Acoustic Feedback Performance 

Feedback presents itself in hearing aid systems at mid to high frequencies, typically above 

1KHz. Feedback oscillations occur when the loop gain of the feedback path is greater than 

0dB. That is, when the attenuation of sound travelling back to the hearing aid microphone is 

less than the gain provided by the hearing aid. Therefore, in order to provide more available 

gain to the hearing aid, a venting configuration with the maximum possible attenuation at the 

high frequencies is desired. To assess the venting configurations in terms of acoustic 

feedback performance, mean high frequency gain across all frequencies above 1 kHz were 

obtained. Venting configurations exhibiting a greater attenuation of these high frequency 

sounds are assumed to have better feedback performance. 
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Figures 4.38 and 4.39 show the effect of vent area on mean high frequency insertion gain 

measured using test method 2 and feedback path gain measurements. The total vent area in 

this case is the total real vent channel area and should not be confused with VOA which is a 

measure of space required for venting. 

We see from these that the high frequency attenuation provided by different venting 

configurations of the same vent channel area are roughly equal, falling within 2 or 3 dB of 

each other (Figs. 4.38 and 4.39). That is, for venting configurations of equal length, the 

transmission of sound in the high frequencies is dependent on the vent size or in multiple 

venting configurations the total vent channel area. 

4.6.5 Incident Sound Pressure Level Effects 

Results in this section look at how differences in sound pressure level of the incident sound 

can affect the transmission across the sample. That is, are loud sounds and soft sounds 

transmitted differently across the sample? Sound pressure level non linear effects have been 

used in hearing protection devices such as the hock noise breaker, to limit high level 

dangerous sounds likely to damage hearing. In the design of hearing aid venting, these may 

be helpful to restrict leakage of high level feedback sounds back to the microphone. 

Figure 4.38. Effect of changing total vent 
area on mean high frequency (1-8 kHz) 
insertion gain, measured with 75 dBSPL input 
sound using insertion gain test method 2. 

Figure 4.39. Effect of changing total vent 
area on mean high frequency (1-20 kHz) 
feedback path gain, measured with 100 dBHL 
input sound. 
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4.6.5.1 Insertion Gain Test Method 1 

Data collected using insertion gain method 1 shows little differences in insertion gain 

spectrums (See Appendix A). Figure 4.40 shows a typical plot of the two sound levels for 

samples tested with very close curves and narrow standard deviations. 

Figure 4.40. Example plot showing the effect of varying sound pressure level on insertion 
gain responses measured using insertion gain test method 1. Shown is 78 dBA (blue) and 

89 dBA (red) insertion gain curves and ± 2 standard deviations (dashed lines) for a sample 
with 19 vents, 1mm in diameter.  

A few samples show observable differences across some portions of the graph. Regions 

where this occurs most often are at the highest frequencies (greater than 3 kHz), where 78db 

and 89dbA  curves become somewhat noisy and sometimes diverge. Also low vent numbers, 

typically less than 3, often exhibit attenuation peaks form between approximately 250 and 

1000Hz. These peaks show some non linear effects. However, these peaks are not believed to 
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be due to the venting configuration, but rather some form of leakage from in around the 

coupler which becomes more critical as venting decreases. 

As no consistent effects with respect to incident sound pressure level can be identified, non 

linear incident SPL effects have been studied using insertion gain test method 2. This test box 

method provided smoother response curves less prone to noise using test box generated swept 

pure tones as opposed to white noise signal. Furthermore, sound proofing was improved 

through the use of a test box and sealing of ½ inch microphone inside coupler. 

4.6.5.2 Insertion Gain Test Method 2 

Test method 2 provided more consistent effects of varying incident sound level with a more 

controlled test box environment. No difference was observed between the 75 and 90 dBSPL 

sound at low frequencies up into a particular frequency. For the purpose of this discussion, 

we will call this frequency the non-linear cut-off frequency.  

At frequencies above the cut-off of frequency we see higher intensity sound experiences 

more attenuation than lower frequency sound (See appendix B). For insertion gain, 

attenuation of 90 dBSPL sounds follow more closely that predicted from the model, with a 75 

dBSPL sound attenuating less at high frequencies (see example in Fig. 4.41). The two curves 

are seen to continue diverging, with increasing nonlinear effects to higher frequencies. These 

high frequency effects are likely due to the effects of sound transmission across the solid 

sample and coupler. That is at high frequencies where attenuation through the vent paths is 

high, sound transmission though the solid samples will be a bigger contributor to the overall 

insertion gain.   This explains why nonlinear effects are observed even for those samples 

tested with no vents open. 
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Figure 4.41. Example plot showing the effect of varying sound pressure level on insertion 
gain curves responses of a sample with 4 1mm vents measured using insertion gain test 

method 2. 

The cut-off frequency of nonlinear effects was seen to vary with both vent number and vent 

size. Figure 4.42 shows a plot of the cut-off frequency against vent number for each sample 

(vent size). Cut-off frequency has been defined as the lowest frequency at which the band 

mean difference between the curves exceeds 2 dB. That is, the frequency at which the 90 dB 

SPL curve has a mean value over 2 dB less than the 75 dBSPL curve mean value. Vent 

numbers beyond the end of the curve lines indicate absence of any observable nonlinear 

effect over the 200 to 8000Hz range. Data for 6mm curve at 4 vents has been adapted to 

ignore the effect of the peak in 90 dBSPL curve at 800Hz (see appendix B) which incorrectly 

places cut off frequency.  
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Figure 4.42. Plot of cut-off frequencies for non linear sound effects against vent number for 
all vent sizes measured using insertion gain test method 2. 

As can be seen the cut-off frequency of these non linear effects decrease with decreasing vent 

number and vent size. Non linear effects of attenuation in the high frequencies is potentially 

quite advantageous for reducing feedback, as high intensity feedback sounds will be 

attenuated more though the vent path. As this effect is not seen to extend below 1000Hz, well 

outside the occlusion effects range, no effect on occlusion is expected. 

Figure 4.42 clearly shows that smaller vents such as the 0.4 mm vent provide these beneficial 

non linear effects down to lower frequencies compared to larger vents. This becomes even 

more pronounced as vent number increases, with non linear effects rapidly moving to higher 

frequencies for multiple large vents. Furthermore as the attenuation curves continue to 

diverge a greater effect is observed towards the high frequencies.  
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4.6.5.3 Feedback Path Gain 

Feedback gain measurements at 100 and 90 dBHL show a similar nonlinear effect with 

100 dBHL sound consistently attenuated more above a certain cut-off frequency (see 

example in Fig. 4.43). Feedback shows no increasing non-linear effects with frequency, 

possibly due to leakage of sound from insert earphone tubing to measurement microphone. 

Figure 4.43. Example plot showing the effect of varying sound pressure level on feedback 
gain responses of a 1mm sample with 4 vents open. 

4.6.5.4 Cut-Off Frequency with Area 

Comparing venting configurations of different sizes on an area basis, its found that the 

measured cut off frequency in both insertion gain and feedback gain are roughly linear with 

vent channel area (Figs. 4.44 and 4.45). That is to say that the frequency beyond which non-

linear attenuation occurs is dependent area of the vents.  
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4.6.6 Sample Material Effects 

Sample six made of soft silicone with 1mm diameter vents, 9mm in length, had similar 

patterns in insertion gain with regard to vent number as the PMMA samples. That is, a 

decrease in vent number resulted in a shift toward lower vent associated Helmholtz 

resonances for both 75 and 90 dBSPL incident sound (Fig. 4.46). Low frequency insertion 

gain responses including Helmholtz vent resonance was unaffected by incident sound 

pressure level. For plots of complete data at all vent numbers and both sound levels, see 

appendix D. 

The gain peak observed at 300Hz is believed to be due to vibrational resonance of the 

sample. That is the more elastic silicone material deflects and vibrates in the coupler causing 

an increase in the measured gain at the samples resonant vibrational frequency. This explains 

why the peak was not observed in PMMA samples tested, as these samples are more rigid 

and less prone to vibration resonance. It also explains why this peak remains at the same 

frequency with respect to vent number and is larger for lower vent numbers where 

transmission of sound through the solid sample is more important. 

Figure 4.44. Effect of vent area on insertion 
gain cut-off frequency, measured using 
insertion gain test method 2. 

Figure 4.45. Effect of vent area on feedback 
gain cut-off frequency, measured using 
insertion gain test method 2. 
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Figure 4.46. Example plot of insertion gain measured on 9mm thick silicone rubber sample 
at 75 dBSPL using insertion gain test method 2. 

The fundamental frequency of a vibrating circular plate with simply supported edges is given 

in Principles of Vibration and Sound [163] as: 

2
01 /2287.0 ahcf L (47)

Where cL is the longitudinal speed of sound waves in the plate, h is the plate thickness and a 

is the plate radius. Whilst the speed of the longitudinal waves in the sample is not known, we 

can estimate this knowing the Shores A hardness of the impression material is 30. Given the 

relationship of Shores A hardness and Young’s modulus provided by Gent, we estimate that 

the Young’s modulus E is approximately 1.2MPa. Furthermore given that frequency 

independent speed of quasi-longitudinal waves cL, whose wavelength far exceeds the cross 

sectional dimensions may be approximated as [164]: 
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We estimate that the speed of the vibrational waves in the silicone rubber sample as 

approximately 34m/s, assuming a poissons ratio ν of approximately 0.5. Thus the 

fundamental vibrational resonance frequency could be approximated to be roughly 250Hz. 

This approximation indicates that a vibration induced gain peak is at least plausible in the 

observed 300Hz range. As real earmould dimensions vary considerably from the tested 

34mm circular samples, this assumed vibrational resonance is unlikely to affect real 

earmoulds made of softer silicone materials in the same way. As such, data at 300Hz has 

been removed when assessing samples acoustic occlusion performance. 

Figure 4.47. Sample material effect of measured insertion gain for acoustic samples made of 
hard acrylic PMMA and soft silicone rubber impression material at 75 dBSPL using insertion 

gain test method 2. 
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Comparing sample material with vents of equal size and length we see that the softer more 

elastic silicone sample has less measurable vent associated resonances (Fig. 4.47). Plots of 

full data at both 75 and 90 dBSPL are available in appendix D. The mean difference between 

the resonance peak magnitudes of both materials was 4.1 dB with a standard deviation of 

1.5 dB. While the resonance frequency was found to differ by as much as 200Hz there was no 

statistically significant effect of sample material on resonance frequency.  

Studies on a Helmholtz resonator lined with absorbing fibrous material have found that 

Helmholtz resonance are decreased in magnitude and shifted toward lower frequencies as the 

flow resistivity of the material is increased [165]. For a 100Hz resonance it was found that 

increasing the flow resistivity of the 5.62cm absorbent lining to 17,387 Rayls/m decreased 

the vent resonance frequency to 76 Hz, (approximately a 25% reduction). As such, this 

material absorbance effect on resonance frequency was unlikely to be observed at the 

frequency sampling resolution, particularly for the samples with low vent number that exhibit 

naturally low frequency resonance. The frequency at which vent resonance occurred varied 

slightly from that observed for harder Perspex samples, but the effects of these differences 

observed at different vent numbers were overall not significant (p=0, Wilcoxon signed rank 

test). The modified method of blocking vents of the silicone sample may have slightly 

affected the comparison between these samples resonance frequencies. This would affect 

samples at low vent number the most, as these configurations required more blocked vents. 

Vent effect measurements conducted show a similar trend with decreasing vent number 

resulting in a lower frequency vent associated Helmholtz resonance (Fig. 4.48). Also 

comparing sample material, we see a decrease in the magnitude of the resonance peaks (Fig. 

4.49). The mean difference between the vent peak magnitudes of both materials was 5.4 dB 

with a standard deviation of 1.3 dB. 
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Figure 4.50 shows a comparison of the mean low frequency gain across the 200-500Hz band 

for samples of different material. As we can see in the low occlusion frequencies, the silicone 

sample was found to provide no significant attenuation of sound entering the coupler, even 

when fully blocked. This also indicates that occlusion frequencies of softer earmoulds are 

less affected by vent resonances due to resonance damping. However, loss of 300Hz data 

may have affected the mean LF gain of samples with vent number less than 4, where peak 

gain is more likely to fall within the 200-500Hz band. 

We see in figure 4.51 that the softer silicone sample has similar vent effects as the Perspex 

1mm samples. One possible reason for the slightly higher vent effects of the silicone sample, 

is that the wire method used for blocking these vents was slightly better at blocking the vent 

paths. We also see that with a single vent the dampened resonance characteristic of the 

silicone sample leads to less vent effect and better occlusion performance compared to the 

PMMA sample. 

Figure 4.48. Plot of the effect of varying 
vent number on vent effect of 100 dBHL 
incident sound through a 9mm thick silicone 
sample with 1mm diameter vents. 

Figure 4.49. Example vent effect curves 
comparing 9mm thick silicone and acrylic 
PMMA samples with 1mm diameter vents 
tested at 100 dBHL. 
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Figure 4.52 shows the mean high frequency insertion gain across the 1000-8000Hz frequency 

band for both 75 and 90 dBSPL sound of samples made of silicone and Perspex (1mm vent 

diameters). As vent number decreases, high frequency attenuation for the more elastic 

silicone samples is much less than the Perspex samples, as acoustic transmission through the 

solid sample begins to dominate insertion gain. For a single vent the difference is as much as 

Figure 4.50. Plot comparing the mean low 
frequency insertion gain of silicone rubber 
and PMMA acoustic samples. Both samples 
had 9mm long, 1mm diameter vents and were 
measured at 75 dBSPL using insertion gain 
test method 2. 

Figure 4.51. Plot comparing the mean low 
frequency vent effect of silicone rubber and 
PMMA acoustic samples. Both samples had 
9mm long, 1mm diameter vents and where 
measured at 100 dBHL. x’s represent data 
points that includes up to 80% of the data 
between 1 and 2 standard deviations of 
measured mean noise when calculating the 
low frequency averages. 

Figure 4.52. Plot comparing the mean high 
frequency insertion gain of silicone rubber 
and PMMA acoustic samples. Both samples 
had 9mm long, 1mm diameter vents and were 
measured at 75 dBSPL using insertion gain 
test method 2. 

Figure 4.53. Plot comparing the mean high 
frequency feedback path gain of silicone 
rubber and PMMA acoustic samples. Both 
samples had 9mm long, 1mm diameter vents 
and were measured at 100 dBHL. 
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10 and 17 dB for 75 and 90 dBSPL incident sound respectively. Similarly for feedback gain 

measures at low vent number, the softer silicone samples provided up to 13 dB less 

attenuation of sound leaking back out of the coupler (Fig. 4.53). As such, we would consider 

that earmoulds made from elastic silicones worse than the acrylic samples at attenuating 

potential feedback sounds. 

4.6.7 Vent Length Effects 

Insertion gain data of Perspex samples with 1mm diameter vents, 18.5mm in length, followed 

similar trends in terms of vent resonance peak, as samples with shorter vent lengths. That is, 

an increase in attenuation in the high attenuation regime and a shift toward lower vent 

resonance frequencies as vent number decreases (Fig. 4.54). Furthermore, no significant 

effects of incident sound level on the magnitude and frequency of the vent associated 

Helmholtz resonance peak was observed. 

Figure 4.54. Sample plots of insertion gain measured on PMMA sample with 18.5mm vents, 
at 75 dBSPL using insertion gain test method 2. 
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Comparing vent length on insertion gain curves, at constant number and size, we see that the 

longer 18.5mm vents typically were found to have peak occlusion at the same or slightly 

lower frequency than 9mm vents (See example in Fig. 4.55). A shift down in vent associated 

Helmholtz resonance is expected according to Helmholtz theory. For some vent hole numbers 

a shift in the peak was not have been observed at the 100Hz frequency resolution used. 

Figure 4.55. Length effect on measured insertion gain at 75 dBSPL using insertion gain test 
method 2. 

There is evidence that the mean resonance peak magnitude of the 18.5mm vent sample is 

between 0.06 and 1.7 dB less than that of the 9mm sample (p=0.038). This is due to increased 

resistances at the tube walls damping vent resonance. The modelled data also shows a 

decrease in this resonance peak between 1.79 dB and 1.91 dB  (30 and 1 vent respectively). 

At high frequency, attenuation of the 9mm sample was greater than that of the 18.5mm 

samples. This is thought to be due the first harmonic resonance of the longer 18.5mm tubes 



114 Alternative Venting Configurations 

causing a high frequency resonance. Given that nth harmonic resonance of an open tube is 

calculated as; 

 dL
ncf

3.02 
 (50)

We might estimate that the first harmonic resonance of the 18.5mm vents to be 

approximately 9,200Hz, just beyond the measured frequency range. In the 7,000 to 8,000 Hz 

range the effects of this harmonic resonance is obvious with a sharp increase in insertion 

gain. For the 9mm vents this harmonic resonance occurs at approximately 18,700Hz, well 

beyond the observed frequency range. Indeed the acoustic model developed also predicts 

such high frequency resonance peaks at around 9000Hz when extended beyond the measured 

200-8000Hz range. This model is unable to predict beyond 16 kHz due to computational 

rounding but it can be seen that a high frequency peak is likely in the modelled 9mm data 

beyond 16 kHz (Fig. 4.56). 

Figure 4.56. Plot of modelled insertion gain for samples with 30, 1mm diameter vents 
showing observed high frequency tube harmonic resonances 
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Figure 4.57 shows example curves of the measured vent effect measured at 100 dBHL on the 

18.5mm Perspex sample. At 3,150 Hz there is a peak vent effect of approximately 5 dB 

across all vent numbers. This is believed to be due to standing waves in the #13 tubing used 

to connect to the insert earphone. The approximate half wavelength resonance frequency of 

this 43.5mm tubing is 3,900Hz, without corrections for end effects likely to reduce this 

resonance further. The lower frequency peaks associated with the Helmholtz vent associated 

resonance exhibited the common trend of decreasing resonance frequency with vent number. 

The mininium vent effect value observed at around 9,000Hz in many of the vent effect 

measurements is thought to be due to the effects of previously hypothesised vent harmonic 

resonance. 

Figure 4.57. Example plot of the effect of vent number on vent effect of the 1mm diameter 
vented, 18.5mm thick sample at 100 dBHL. 

Average low frequency (200-500Hz) insertion gain and vent effect against vent number 

shows a very similar curve to that of the shorter 9mm sample (Figs. 4.58 & 4.59). Vent effect 

is slightly reduced at the longer vent length due to the decrease in vent resonances observed. 
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This indicates that the low frequency sound transmission characteristics and thus occlusion 

performance are likely to be quite similar. 

 

 

  

   

Figure 4.60 shows a plot of the average insertion gain in the high frequencies (1-8 kHz) 

against vent number for 9mm and 18.5mm long vents. We see that the average high 

frequency attenuation of the longer 18.5mm vents is less than that of the shorter 9mm sample 

due to the harmonic resonance peak observed in the insertion gain curves. 

Figure 4.58. Mean low frequency insertion 
gain against vent number for PMMA samples 
with 1mm diameter vents 18.5mm (solid line) 
and 9mm (dash line) in length measured at 
75 dBSPL using insertion gain test method 2. 

 

Figure 4.59. Mean low frequency vent effect 
against vent number for PMMA samples with 
1mm diameter vents 18.5mm (solid line) and 
9mm (dash line) in length at 100 dBHL. x’s 
represent data points that includes up to 80% 
of the data between 1 and 2 standard 
deviations of measured mean noise when 
calculating the low frequency averages. 

 

Figure 4.60. Mean high frequency insertion 
gain against vent number for PMMA samples 
with 1mm diameter vents 18.5mm (solid line) 
and 9mm (dash line) in length measured using 
insertion gain test method 2. 
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The average high frequency feedback curves are somewhat similar but is less smooth than the 

smaller 9mm sample (Fig. 4.61).This is primarily due to peaky high frequency harmonic 

resonance response of the tubing and vents (see feedback gain curves in appendix D). The 

feedback gain response indicated that the mean high frequency feedback gain is similar to the 

shorter 9mm sample. That is, the expected increased attenuation with the thicker sample is 

balanced by peaky harmonic response at high frequencies giving similar average high 

frequency responses. 

It is difficult to determine the exact effect of changing length on feedback performance. 

However, the peaky high frequency responses of the 18.5mm sample, due to harmonic 

resonances of the vent paths and tubing, suggest that longer samples may be more prone to 

frequency specific feedback issues.  

Figure 4.61. Mean high frequency feedback path gain against vent number for PMMA 
samples with 1mm diameter vents, 18.5mm (solid line) and 9mm (dash line) in length at 100 

dBHL incident sound. 
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Modelled data shows agreement with the trends in the measured data, but tends to predict 

sharper resonance peaks occurring at slightly lower resonance frequency. Example curves of 

modelled and measured insertion gain data may be seen in figure 4.62. Modelled vent 

resonances are on average 2.4 ± 0.7 dB greater and occur at frequencies on average 105 ± 48 

Hz lower than that measured. Modelled data also tends to predict greater attenuation of sound 

at higher frequencies. This is likely due to the model assumption that no sound is transmitted 

through the coupler or sample material. 

Figure 4.62. Example plot showing comparisons between the insertion gain predicted from 
the model to the measured insertion gain at 75 dBSPL on a 18.5mm PMMA sample using 

insertion gain test method 2. 
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4.6.8 Real Ear Testing 

4.6.8.1 Real Ear Insertion Gain 

The average real ear insertion profile of all the participants left and right ears is shown in 

figure 4.63. Low frequency vent associated resonance is observable in both vented samples as 

a small peak in real ear insertion gain. 

Figure 4.63. Plot showing the effect of different venting configurations tested on mean real 
ear insertion gain of all tested ears across all sound levels against frequency. 

Two way repeated measures ANOVA was conducted on the observed peak frequency of both 

ears at all sound levels, in order to determine the effect of earmould venting configuration 

and sound level on peak low frequency insertion gain attributed to vent resonances. No 

statistically significant interaction was found between sound level and earmould 

configuration. There was also no significant differences in mean peak insertion gain 
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frequency of earmoulds tested at different sound levels. We have strong evidence that the 

mean peak insertion gain frequency of the multiple vented, single vented and blocked venting 

configuration are different from one another (p≤ 0.001).  

From figure 4.64 we see that the multiple vented samples have peak insertion gain occurring 

at a higher frequency than the occluded earmould, but at a lower frequency than the single 

4mm vented samples. This shows good agreement with data collected from testing of 

acoustic samples indicating a shift to high frequency resonances as the diameter increases. 

Figure 4.64. Plot of mean real ear insertion gain resonance frequency and associated 95% 
confidence intervals of earmoulds with varying venting. 

Two way repeated measures ANOVA of insertion gain peak resonance magnitude also show 

no significant interaction between sound level and vent configuration and no significant 

effect of sound level on peak insertion gain magnitude. A significant effect of venting 
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configuration on peak insertion gain magnitude was observed in the data. Figure 4.65 shows 

a dot plot of the peak insertion gain magnitude for the different venting configurations. 

Figure 4.65. Plot of mean real ear insertion gain resonance magnitude and associated 95% 
confidence intervals of earmoulds with varying venting. 

There is strong evidence that the peak insertion gain magnitude of the occluded earmoulds 

was less on average than that of the multi-vented and single vented samples (p=0.002 and 

0.001 respectively). One would expect this, as occluded earmoulds provide more barrier for 

sound entering the ear and remove vent associated resonances. Resonances recorded in some 

participants occluded earmould insertion gain data are likely to be due to slit leakages around 

the earmould and build up bone conducted sound behind the occluded device. No significant 

difference in the peak insertion gain magnitude for multiple vented samples and single vented 

samples was observed. This is somewhat different to the results of insertion gain test on 

acoustic block samples (decreasing in vent resonance magnitude with decreasing vent size). 

However, as the multi-vented earmoulds had both a greater number and a smaller size of 
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vent, these trends are not directly comparable. Furthermore the acoustic properties of real ear 

vary from that of the coupler and this is likely to have an effect on the observed resonances 

occurring. 

These results suggest that in the real ear situation a single large vent is likely to provide 

improved occlusion performance compared to a multi-vented sample. This shows agreement 

with data collected from insertion gain and vent effect studies on multiple vented acoustic 

block samples. 

4.6.8.2 Measured Occlusion Effect 

No statistically significant difference in measured occlusion effect was observed between the 

left and right ears of the 10 participants tested. One way repeated measures ANOVA was 

conducted on the measured occlusion effect averaged across both participants ears, to 

determine the real ear effects of venting configurations on the measured occlusion effect. 

Malcey’s test indicate that the assumption of sphericity was violated (χ2(5)=15.18, p<0.05) 

therefore degrees of freedom were corrected using Greenhouse-Geisser estimates of 

sphericity (ε=0.49). The results showed that there was a significant effect of the venting 

configuration used on the measured occlusion effect (p<0.001) 

Figure 4.66 shows the participants measured occlusion effect for each test condition along 

with the mean occlusion effect for each test condition and associated 95% intervals. There is 

strong evidence that multiple venting provides less measured occlusion effect than a 

completely occluded earmould (p=0.005). We estimate that the mean occlusion effect is 

between 2.44 and 13.11 dB less than the completely occluded earmould. There is also 

evidence that the multiple vented earmoulds provides more measured occlusion effect than 

the single vented earmoulds (p=0.040). We estimate that the mean occlusion effect for the 

multiple vented configuration is between 0.11 and 4.96 dB more than that of the single 

vented earmoulds. 
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Figure 4.66. Dot plot of occlusion effects measured at each test condition with error bars 
showing mean participant occlusion effect and 95% confidence intervals 

Comparing to the open ear situation there is evidence that multiple venting configurations 

provides more occlusion effect than the open ear condition (p=0.023), however no significant 

differences were observed between mean occlusion effects of the single vented 

configurations than the open ear condition. It is estimated that the mean occlusion effect of 

the multiple vented earmoulds is between 0.33 and 4.63 dB more than that of the open ear 

condition. 

These results suggest that multiple venting configurations may be capable of providing 

significant relief from occlusion. However, single large vents were found to provide slightly 

better occlusion relief compared to multiple venting with comparable VOA. This small scale 

study provides some indication that multiple venting is capable of providing acceptable levels 

of occlusion relief. It was never the intention of the author to provide a comprehensive study 

of the effect of multiple venting on measured occlusion effect within the entire population. In 
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order to make further conclusions about the effect of multiple venting on the entire 

population, a much larger clinical study would need to be conducted. 

4.6.8.3 Subjective Occlusion Effect 

All participants except for one rated the venting configurations in order from least natural to 

most natural;  occluded earmould, multiple vented earmould, single vented earmould and 

then the open ear condition. Of the earmoulds tested with venting, a single large vent was the 

most preferred venting configuration for own voice quality (for all but one of the 

participants). This indicates that multi-venting has subjectively worse occlusion performance 

compared to a single vent with the same VOA. 

Figure 4.67. Dot plot of subjective occlusion effects measured at each test condition with 
error bars showing mean participant occlusion effect and 95% confidence intervals. 
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One way repeat measures ANOVA on linescales presented as percentages show that there is 

a significant effect of venting configurations on the subjective rating of occlusion effect. A 

significant difference was observed in the mean subjective occlusion rating given to all tested 

conditions (Bonferroni adjusted p<0.05) except between the open ear and single 4mm vented 

condition (p=0.198). We estimate that the mean difference between the subjective occlusion 

rating of the single and multiple vented ears is between 4.7 and 46.3%. Figure 4.67 shows a 

dot plot of the percentage subjective occlusion ratings, showing the average rating and the 95 

% confidence intervals. 

4.7 Conclusions 

Coupler tests on multiple small vents for hearing aid applications indicate that small vents 

can provide similar low frequency transmission characteristics as single larger vents, but 

require a larger area to accommodate them. Larger vents provide easier transmission of low 

frequency sound, but display greater magnitude low frequency vent associated Helmholtz 

resonance. In small scale real ear testing of vented ear moulds, it was found that multiple 

vents provided both subjective and objective improvements in occlusion effect when 

compared to an occluded earmould. Compared to a single vent occupying a similar area a 

marginal increase in measured occlusion effect is observed. 

For samples of similar length and material the attenuation of high frequencies, important for 

limiting feedback, has been seen to be dependent on overall vent channel area for sound 

entering and leaving the coupler. That is, the high frequency transmission of the multiple 

vented samples is dependent on the total area of all the vents regardless of the size and 

number of vents. As attenuation in the feedback loop is largely the main determinant of 

feedback performance, these configurations would likely exhibit very similar acoustic 

feedback performance. 

The proposed acoustic model is useful in describing the trends and effects of varying venting 

parameters but does not yet provide a complete representation of the sound transfer occurring 

within the coupler system. However, the model was designed to be as applicable to real ear 
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measures as possible. Comprehensively modelling the acoustics of the particular coupler 

sample system would not improve the understanding of the real ear venting systems. 

Softer silicones were found to have similar low frequency transmission as hard acyclic 

samples. However dampened vent associated Helmholtz resonances exhibited by these 

samples indicate potential occlusion performance benefits, particularly at low vent numbers. 

The disadvantage of softer silicone materials is their poor high frequency attenuation that 

makes them prone to feedback effects. 

Samples with longer vents were found to have similar low frequency occlusion performance 

to shorter vents. However, as vent length becomes comparable to sound wavelength, the 

fundamental harmonic frequencies of the vent paths and hearing aid tubing must be 

considered. These harmonic effects cause peaky frequency gain response and are likely to 

cause feedback issues at particular frequencies. 

Overall multiple vented acoustic samples tested indicate that multiple vented samples provide 

similar feedback performance and reduced occlusion performance to traditional single vents 

given the same area. Therefore there is no acoustical benefit of using a multiple venting 

approach in a hearing aid system over a traditional single vent path. However multiple 

acoustic venting may be a feasible alternative venting method with similar venting 

performance provided the space is available. This topic of the spatial constraints on venting, 

its variability and the effect of multiple venting on design flexibility is discussed further in 

the following chapters. 



CHAPTER FIVE 

SPATIAL DESIGN OF MULTI-VENTED
HEARING AIDS 

This chapter focuses on how the multiple vented hearing aid configurations studied in chapter 

4 would fit within the spatial constraints of the ear outlined in chapter 3. An outline of the 

possible design flexibility provided by such a venting configuration in terms of the layout of 

hearing aid componentry is given. Finally, the challenges faced by such a device in terms of 

manufacture and maintenance have been outlined and some possible solutions given. 

5.1 Method 

In order to assess the possible number of vents able to be incorporated into a multi-vented 

earmould the minimum ear canal cross section has been chosen. That is, the narrowest point 

in the earmould will likely set how many vented paths can pass through. The minimum ear 

canal cross section of the first three modes output from the statistical shape model have been 

used to determine the narrowest point on both the average ear and ±3 standard deviation 

modal outputs. 

In order to determine the minimum ear canal cross sectional area, an ear canal centreline 

must be established and serial sections taken normal to this axis. The centreline axis is 

determined as the shortest distance between two central points on the medial sheet of the ear 

canal. 
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5.1.1 Medial Sheet 

Medial sheet forms a part of the medial axis transform. The Medial axis transform is a 

common 3D shape descriptor used for shape recognition, modelling and manipulation [106, 

108, 109, 166]. Shapes are represented by a set of maximal medial balls within the interior of 

the solid (M-rep) as opposed to the points on the boundary (B-rep) [108, 110, 166]. Maximal 

medial balls are the largest sphere that does not contain points on the surface of the shape and 

are not contained completely within another medial ball. The centre of the medial ball is a 

point that has two or more closest points on the surface. The medial sheet is the union of the 

centre of these medial balls within the shape forming a skeletal sheet structure. 

An approximation of the medial sheet may be obtained through use of a 3D voronoi diagram 

or voronoi skeleton [108, 167, 168]. The voronoi diagram divides the shape into a set of cells, 

with the edges of each cell containing the points equidistance between two shape vertices. 

The vertices of these voronoi cells contained within the shape represent the centre of the 

medial balls of the shape. However even for very smooth scans, voronoi vertices are often 

formed near the surface of the shape far from the medial axis or medial sheet. As such, the 

vertices must be pruned to include only those near the medial axis or centre of the shape. 

Pruning removes sheet branches of medial skeletons not indicative of the skeleton structure 

of the shape, whilst maintaining the topology of the original shape. A number of different 

skeleton pruning or thinning algorithms exist for reducing the complexity of medial axis 

shape representations based on medial or object angle [169, 170], segmentation by shape 

significance [171, 172], and the so called λ-medial axis method [173-175]. The method 

selected is similar to the λ-medial axis that prunes medial balls based on the size of the 

circumradius of the medial boundary values or closest surface points. Instead the medial balls 

will be pruned based purely on the radius of the medial balls in question, that is the distance 

of the medial ball from the surface. Medial balls with radius less than or equal to some value 

r were pruned, removing the small medial balls describing detailed surface information. 
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Whilst this may not provide a robust method for all pruning of all shapes, as the ear canal 

shape doesn’t involve large changes of scale, pruning away small medial balls related to 

surface detail provides a good approximation of the medial axis. For all shapes analysed the 

medial sheet was viewed to assess whether an appropriate r was used and that pruned medial 

sheet provided a good approximation of the true medial axis. In figure 5.1 you can see medial 

sheets generated using r ranging from 0 to 3mm for the mean left ear shape. As r increases 

we see that more of the noise related to vertices closer to the surface are removed and the 

triangulation on the medial sheet improves, particularly for the ear canal which is the area of 

interest. The method has been shown to effectively reduce the medial sheet within the ear 

scan to a thin sheet within the centre of the ear canal in the area of interest in the scan (Fig 

5.1). 
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Figure 5.1. Plots showing medial sheet for the mean left ear generated from medial balls with 
radius r greater than or equal to a) 0mm b) 1mm c)2mm and d)3mm. 

(a) 

(b) 

(c) 

(d) 
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5.1.2 Ear Canal Central Axis 

The ear canal central axis has been defined by determining the shortest path along the medial 

mesh between a central point at the top of the ear canal and at the entrance of the ear canal. 

To locate these points the cross sections of the model mesh at the top and entrance of the ear 

canal have been performed. The closest point on the medial sheet to the centre of gravity of 

these sections, have been used as the end points of the centreline ear canal axis. 

The fast marching algorithm that uses a finite difference approximation has been used to 

determine the shortest path along the medial sheet between the two points. This method of 

determining centrelines using fast marching algorithm has been used for a number of other 

medical applications involving tubular structures such as vessels, veins and airways [176-

178]. Paulsen has suggested that a weighted Dijkstra algorithm or so called “path of least 

resistance” is an appropriate method to find a centreline through an earmould scan[123]. The 

aim then was to define the widest path through the ear that an inserted device would take. It 

was suggested that a pure geodesic shortest distance may tend to cut corners. Instead edge 

weights were calculated as the length over radius of the medial ball squared. This weights the 

shortest path toward nodes on the graph representing wider parts of the ear canal. 

On examination, little difference was found between the weighted Dijkstra algorithm path 

and fast marching path between the points of interest (Fig 5.2). Furthermore, as the fast 

marching algorithm allows for calculation of the shortest paths across faces (not just along 

edges) this creates a smoother centreline that leads to less variability in curve normals. 
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Figure 5.2. Plot of shortest path between two points on the mean left ear medial sheet using 
the fast marching algorithm, the Dijkstra algorithm and the Dijkstra algorithm weighted 

towards nodes with greater radius. 

5.1.3 Cross Sectional Area 

A spline curve was created from output coordinates defining the fast marching shortest path. 

At the ends of the curve, the spline was constrained to be normal to an approximation of the 

cross section of the ear canal, making the centreline spline curve smoother. 

A series of cross sections of the ear canal were taken normal to the centreline spline curve. 

Eleven evenly spaced cross sections were taken from the bottom of the centreline to the top 

with distance between the cross sections ranging from 0.88 to 1.78mm along the centreline 

curve. From these, a cross-sectional area profile of each studied shape has been determined. 
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The cross section approximating the point of the second and first bends was also identified 

and the relative centreline distance between these two features determined. 

A closed cross sectional area could not always be achieved. The plane normal to the 

centreline curve would sometimes section the scan mesh outside of the ear canal into the 

concha and outside the ear itself. This occurred more in wider canal shapes that had a sharp 

first bend of the ear canal similar to that shown in figure 5.3. 

Figure 5.3. Failed cross section (in blue) normal to the ear canal centreline (in red) sectioning 
outside of ear canal and beyond the edge of the mesh outside the ear. 

5.2 Results 

5.2.1 Cross Sectional Area 

Figure 5.4 shows a scatter plot of the cross-sectional area against distance from first ear canal 

bend, for the ±3 standard deviations on modes 1, 2 and 3. Highlighted is the cross sectional 

area profile of the mean left and right ear (solid blue and red lines respectively) and the 

narrowest left and right ear shape instances (dashed blue and red lines respectively) . Both 

these instances occurred on the ±3 standard deviations of mode 1 and indeed the widest ear 

canals were also observed on this mode. The red x’s represent the relative positions of the 



134 Spatial Design of Multi-Vented Hearing Aids 

second bend ranging from 5.4mm to 9.7mm from the first bend along the ear canal centreline. 

Table 5.1 has a summary of the modal effects on the distance between first and second bend 

and the cross sectional area at each. 

Figure 5.4. Scatter plot of the cross-sectional area against distance from first ear canal bend 
along ear canal centreline. Solid blue and red lines are the cross-sectional profile of the mean 
left and right ear shapes respectively. Dash blue and red lines are the cross-sectional profile 

of the narrowest left and right ear studied. 

From figure 5.4 we see there is a narrowing down the ear canal towards the second bend on 

all the shapes studied. The area of the ear canal towards the end ranged from 36.4mm2 to

65.4mm2. Both mean left and right ears were narrowest at the end, with an area of

approximately 48mm2.
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Table 5.1. Data showing the cross sectional areas and distance between the first and second 
bends of the ±3 standard deviation outputs on the first 3 modes of the left and right ear 

ASMs.  Dashes represent where a valid cross section could not be obtained. 
Mode 1 Mode 2 Mode 3 

+3SD -3SD +3SD -3SD +3SD -3SD 

Distance Between First 
and Second Bend (mm) 

Left Ears 
Mean= 7.5mm 

5.4 8.9 8.4 6.9 6.3 6.7 

Right Ears 
Mean= 8.8 mm 

9.7 6.1 7.1 8.3 7.1 6.9 

Cross-sectional Area at 
First Bend (mm2) 

Left Ears 
Mean= 69.8mm2 

- 46.3 83.7 56.3 60.6 71.5 

Right Ears 
Mean= 78.6mm2 

40.3 - 75.4 68.6 91.8 56.7 

Cross-sectional Area at 
Second Bend (mm2) 

Left Ears 
Mean= 54.9mm2 

59.5 40.7 65.4 44.8 53.7 58.3 

Right Ears 
Mean= 53.6mm2 

38.7 63.7 44.9 63.2 56.7 52.3 

5.2.2 Estimated Available Vents 

From investigations with 3D models it was found that the cross section of the receiver 

element is also likely to reduce the usable cross-sectional area at the ear canals narrowest 

point. For this reason the available cross-sectional area was reduced by 7.29mm2,

corresponding to a receiver with dimension matching that of an Oticon Digifocus II CIC 

hearing aid (2.7x2.7x5.9mm). Knowing the minimum cross-sectional area available for vents, 

we can approximate how many small circular vents would fit by estimating the relative 

packing density of the circles. 

It has been shown that the most efficient packing of circles in a plane is in a hexagonal 

lattice, achieving a packing density of approximately 0.906 [179-181]. Optimal packing 

within bounded areas is seen to be less area efficient depending on the bounding area and the 

size of the circles. Exact mathematical solutions exist to the circle packing problem for small 

numbers of circles bounded by circles and squares [182-188]. A referenced summary of the 

best know solutions (although not always proven optimal) for packing of N equal sized 

circles in circles and squares, up to N=1,500 and N=10,000 respectively, can be found on 
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Spectl’s website www.packomania.com [189]. Solutions for a variety of other geometrical 

domains are also available in literature [190-193]. For a review of literature on circle packing 

problems see Hifi and M’Hallah (2009) [194]. Of particular interest to this research, given 

the approximate shape of the human ear canal, is Birgin’s work on packing circles into 

ellipses [192]. Birgin found lower bound packing density of ellipses ranged from 0.44 to 0.83 

with varying ellipse dimensions. While the ear canal is not perfectly elliptical and the hearing 

aid receiver provides a packing obstacle, a conservative packing density of approximately 0.4 

seems reasonable. 

To test this assumption a hexagonal lattice pattern fill of 0.4mm vents (outside diameter 

0.8mm) was applied to a narrowest ear canal cross section of 36.4mm2 (Fig 5.5). A total of 30

vents where found to fit using the pattern given a packing density of approximately 0.5. 

Packing densities of larger vents were seen to be lower with 2 and 3mm vents only achieving 

packing densities of approximately 0.46 and 0.31 respectively on the same cross section. 

Figure 5.5. Sketched hexagonal packed 0.4mm vents on narrowest ear canal cross section. 
Square represents the hearing aid receiver element. 

Table 5.2 shows the estimated number of vents N of varying diameters that could fit into the 

narrowest ear assuming a given packing density from 0.3 to 0.7. Calculations assume that 

vents are spaced by at least 0.4mm. Also shown for comparison is an equivalent vent 

diameter deq for a traditional single vent with equivalent area. We see that even if we assume 
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a conservative packing density of 0.4 the estimated total vent area available will match that of 

a traditional 2mm vent. 

Table 5.2. Estimated number of possible vents N of varying vent diameters assuming a given 
circle packing density. Also shown is the area equivalent single vent diameter deq. 

Packing Density 

0.3 0.4 0.5 0.6 0.7 

N deq N deq N deq N deq N deq 

V
en

t 
D

ia
m

et
e

r 

3 mm 

2 mm 

1 mm 

0.8 mm 

0.6 mm 

0.5 mm 

0.4 mm 

0 0 1 3.0 1 3.0 1 3.0 2 4.2 

1 2.0 2 2.8 3 3.5 3 3.5 4 4.0 

5 2.2 7 2.6 9 3.0 11 3.3 13 3.6 

7 2.1 10 2.5 12 2.8 15 3.1 18 3.4 

11 2.0 14 2.2 18 2.5 22 2.8 25 3.0 

13 1.8 18 2.1 22 2.3 27 2.6 32 2.8 

17 1.6 23 1.9 28 2.1 34 2.3 40 2.5 

5.2.3 Spatial Design Flexibility 

In order to determine the spatial design flexibility provided by a multi-vented hearing aid, 

CAD models of two 3D ITC or mini-canal hearing aid models have been created. The 

hearing aid shell shape used for both models was based on the mean right ear mesh outputted 

from the statistical shape model in chapter 3. Models also include electronic components in 

grey representing an A10 hearing aid battery as well as the chipset and receiver of a Oticon 

Digifocus II CIC hearing aid. Model A is a multi-vented hearing aid incorporating 16, 0.5mm 

hearing aid vent paths ranging from 11.8 to 19.3mm long (Fig 5.6). Model B is a single 

vented hearing aid with a large 3mm vent, 16.2mm in length (Fig 5.7). 
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Figure 5.6. 3D model A of right ear ITC hearing aid incorporating 16, 0.5mm vents. 

Figure 5.7. 3D model B of right ear ITC hearing aid incorporating a single, large 3mm vent. 
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Figures 5.8 and 5.9 show views of the models A and B with the end and base plate removed. 

We can see that there is potentially more space for venting within the multi-vented model, 

however 16 vents (equivalent to a 2mm single vent) was chosen so there is a clear view of the 

vent layout. We see from figures 5.6 - 5.9 that the large vent used in model B causes the other 

componentry of the hearing aid to be located more toward the right of the model. The size of 

the vent was largely set by how compact the other componentry elements could be 

positioned, as a single large area is required. In contrast, we see that the multiple vented 

earmould has the smaller vents located in the gaps around the outside of the model. The 

multiple vents fit in around the important electronic componentry more easily and are able to 

fill the free space in the shell the larger vents are not. This provides considerable flexibility of 

location, shape and size of the other hearing aid commentary within the hearing aid shell. 

This is particularly important as new technologies such as indicative power charging are 

beginning to be implemented in hearing aid products. 

(a) (b) 

Figure 5.8. Views of the a) top and b) bottom of the hearing aid model A with the base and 
end plate removed 
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(a) (b) 

Figure 5.9. Views of the a) top and b) bottom of the hearing aid model B with the base and 
end plate removed 

5.2.4 Manufacturability and Maintenance 

Figures 5.8 and 5.9 show the multiple vents as tubes separate from the hearing aid outer shell. 

This could be achieved through a series of tube vent paths (i.e. made of tubing) placed within 

the hearing aid shell. Other options include forming the vent paths within hearing aid shell 

using 3D printing technique. This is not likely to be a major barrier as currently many of the 

hearing aid manufacturers are moving towards 3D printing. 

The maintenance of a multi-vented device presents a challenge in terms of keeping vent paths 

clear. Small vent paths are likely to become blocked more easily by wax build up in the ear. 

Product design may have to include some form of wax filter or wax guard and simple vent 

path cleaning tools provided. 
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5.3 Conclusions 

Investigations into the cross sectional profile of the narrowest sections of the human ear canal 

shapes identified by the statistical shape model in chapter 3, have shown that multiple venting 

is spatially feasible within the expected variances of the human ear. It is expected that the 

maximum total vent area available to a multiple vented hearing aid is at least as much as a 

traditional 2mm vent. This has been validated in 3D space using 3D solid modelling of a 

multiple vented right ear hearing aid. 

Comparative 3D model representations of two identical hearing aid shells fitted with a single 

large 3mm and 16, 0.5mm multiple vents have demonstrated the potential spatial design 

flexibility provided by a multiple vented hearing aid. Venting within the multiple vented 

hearing aid was able to easily fit around other electronic components within the hearing aid 

shell. This increased the design flexibility around the shape and placement of the other 

elements within the hearing aid shell. Multiple venting can also be used alongside other 

technologies to improve flexibility of design in hearing aids such as inductive charging 

without providing physical limitations on their implementation. In this way multiple venting 

in universal and custom hearing aid design will enable new technologies and design 

approaches to enter the hearing aid market, improving hearing aid products for customers.   

Traditional hearing aid shell manufacture combined with multiple tube vents or 3D printing 

have been identified as possible manufacturing methods for creating multiple vented hearing 

aid shells. The major challenge faced by a multiple vented hearing aid has been identified as 

avoiding vent blockages. As such, wax blockage prevention measures such as wax guards as 

well as appropriate vent cleaning tools have been recommended. Prevention of wax 

blockages is entirely manageable and indeed necessary in all hearing aids given the tendency 

of earwax to block and enter receiver sound bores as well as vent paths. Therefore, with 

adequate care and maintenance multiple venting could be used effectively to improve hearing 

aid design.   



CHAPTER SIX 

CONCLUSIONS AND FUTURE WORK 

This chapter summarises the conclusion made in each of the chapters 2-5 and comments on 

the interaction between the studies as they relate to hearing aid design. A list of the main 

conclusions of the research is also given addressing the objectives of the study outlined in 1.1 

Objectives.  

6.1 Statistical Shape Analysis 

Statistical shape analysis of the human ear canal has shown that the variation within the 

human ear may be used to provide design requirements of a universally fitting hearing aid 

device. That is, rather than speculate or approximate the shape of the ear canal a quantitative 

measure of variation has been obtained. This is important to hearing aid design because 

without identifying the shape needs of a universal or one size fits many device, how can one 

expect to meet the fit, comfort and acoustic needs of the end users?  

6.2 Acoustics of Multiple Venting 

Coupler testing has found that multiple small vents can provide similar low frequency 

occlusion performance as traditional venting, but requires a larger amount of space for 

venting. A benefit is obtained in terms of reduced vent associated Helmholtz resonance of 

low frequency sound passed by the vent. Small scale real ear testing has confirmed the 

occlusion performance of multiple vented earmoulds both subjectively and objectively, is an 

improvement on an occluded ear condition and marginally worse than a similar single vented 

earmould. 
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Coupler testing has found high frequency attenuation characteristics to be largely dependent 

on total area of venting regardless of size or number. Thus, the effect of venting on feedback 

is determined by the amount of venting provided. Longer vents were found to have more high 

frequency resonant characteristics and should be avoided where possible to improve feedback 

response.  Furthermore, if feedback is a particular issue, harder acrylics provide more 

attenuation of high frequency feedback sounds out of the ear compared to softer silicone 

materials. Therefore results of both coupler and real ear testing show that overall there are no 

major acoustic benefits of multiple venting when compared to traditional single venting. 

Acoustic performance of both venting configurations is very similar and provided enough 

space is available multiple venting can be achieved with similar acoustic performance. 

6.3 Multiple Venting Spatial Requirements 

It is found that the space within the ear canal is adequate to provide effective multiple venting 

for an ITE hearing aid. Furthermore, as the smaller multiple vents are more easily able to fit 

around other important hearing aid componentry such as hearing aid receiver and electronics, 

the vent provides some design flexibility in terms of layout within the ear canal. Even quite 

large numbers of multiple vents do little to constrain the hearing aid layout compared to a 

single large vent. 

6.4 Multiple Venting for Hearing Aids 

Multiple vented acoustic samples and earmoulds suggest that there are no major acoustic 

benefits of multiple venting on occlusion and feedback. Slight differences in terms of system 

resonance characteristics do exist, but fundamentals such as more venting, leading to more 

feedback, do still exist. The main difference between the two venting configurations is the 

space required within the hearing aid shell to achieve a certain acoustic performance.  

Although multiple venting may require a greater amount of physical space the small nature of 

the multiple vents means that there are more options to how these vents may be used. This 

design flexibility has been identified as the major advantage of multiple venting 
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configurations. This could be used to enable new technologies such as inductive power or 

improved conformable hearing products without compromising venting performance.  

6.5 Main Conclusions 

The main outcomes of this research are as follows: 

 A Statistical Shape Model can be used to quantitative describe the shape variances of

the human ear canal and aid in the design of a one size fits many hearing device.

 No significant acoustic advantage over traditional venting is obtained using a multiple

venting approach to hearing aid design.

 A significant advantage in terms of spatial design flexibility is obtained from the use

of multiple venting approaches to hearing aid shell design.

 Multiple venting may be used to facilitate new design approaches and technologies in

the design of hearing aid products without compromising acoustic performance.

6.6 Future Work 

To expand on small scale, real ear testing on the effect of multiple vented earmoulds, a larger 

scale, clinical blind trial would need to be undertaken. This could be used to assess the 

population wide effects of venting and avoid bias in subjective occlusion measures. 

Furthermore, testing of multiple venting could be explored on different vent sizes and 

number similar to the tests performed on the acoustic samples. This would take a more 

clinical audiology approach to venting assessment and may identify some real ear variation 

not explained by the acoustic samples. 

In order to improve the universal hearing aid design requirements identified in chapter 3 an 

expanded set of shape instances may be sought. This would likely require more automation of 

the statistical shape model generation, as the current methodology is time insensitive in 

respect to landmarking and data trimming. Additional data on shape instances such as age, 
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sex and ethnicity would also allow these effects on shape variation to be studied. This could 

be useful for marketed design of universal hearing aid products. 

Further exploration of the spatial design flexibility provided by multiple venting as it relates 

to universal hearing aid design is also warranted. The goal of this would be to provide a 

mechanism for conformal hearing aid design to meet the shape requirements of the human 

ear, given the spatial flexibility provided by multiple vents.  Studies may also look at new 

electronic technologies that may benefit form spatial design flexibility of multiple venting 

and possible design prototyping of new hearing aid products.  
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 ACOUSTIC VENTING DATA  
INSERTION GAIN TEST METHOD 1 

SAMPLES 1-5 
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A.1 No Coupler Correlation Plots 

 78 dBA 89 dBA 
D

ay
 1

 

 

Correlation plots of daily sound level 
difference (dB) without the coupler or sample 
in place against mean across all testing days. 
Measurements taken at corresponding 
frequencies between 50 and 6000Hz. 
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A.2 Just Coupler Correlation Plots 
 78 dBA 89 dBA 

D
ay

 1
 

 

Correlation plots of daily sound level 
difference (dB) with just the coupler in place 
against mean across all testing days. 
Measurements taken at corresponding 
frequencies between 50 and 6000Hz. 
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A.3  Insertion Gain - Vent Size Effect † 

 
78 dBA 

 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

† All plots insertion gain in dB against frequency in Hz  
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89 dBA 
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A.4 Insertion Gain - Vent Number Effect 

 

1mm, 78 dBA 

1mm, 89 dBA 
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0.8mm, 89 dBA 

0.8mm, 78 dBA 
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0.6mm, 89 dBA 

0.6mm, 78 dBA 
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0.5mm, 89 dBA 

0.5mm, 78 dBA 
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0.4mm, 89 dBA 

0.4mm, 78 dBA 
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A.5 Insertion Gain - Sound Level Effects‡ 

1mm 

 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

‡ All plots insertion gain in dB against frequency in Hz 
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0.8mm 
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0.6mm 
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0.5mm 
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0.4mm 
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A.6 Mean Low Frequency Insertion Gain (200-500Hz) 
 

78 dBA     89 dBA 

 



 

 

 

 

 

 

 

 

 

APPENDIX B 

 ACOUSTIC VENTING DATA  
INSERTION GAIN TEST METHOD 2 

SAMPLES 1-5   
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B.1 Insertion Gain - Vent Size Effect § 
 

75 dB SPL 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

§ All plots insertion gain in dB against frequency in Hz  
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90 dB SPL 
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B.2 Insertion Gain - Vent Number Effect 
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B.3 Insertion Gain - Sound Level Effects ** 

1mm 

 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

** All plots insertion gain in dB against frequency in Hz 
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0.8mm 
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0.6mm 
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0.5mm 
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0.4mm 
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B.4 Mean Low Frequency Insertion Gain (200-500Hz) 
 

75dB SPL     90dB SPL 

 
 

B.5 Mean High Frequency Insertion Gain (1-8kHz) 
 

75dB SPL     90dB SPL

 



 

 

 

 

 

 

 

 

 

APPENDIX C 

 ACOUSTIC VENTING DATA  
VENT EFFECT & FEEDBACK PATH GAIN 

SAMPLES 1-5   
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C.1 Vent Effect - Vent Size Effect 
 

 
30 Vents, 90dB HL    30 Vents, 100dB HL 

 
 

8 Vents, 90dB HL    8 vents, 100dB HL 

 
 

 
C.2 Vent Effect - Vent Number Effect 

1mm, 90dB HL    1mm, 100dB HL 
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C.3 Feedback Path Gain – Sound Level Effects†† 

 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

†† All plots insertion gain in dB against frequency in kHz 
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C.4 Mean Low Frequency Vent Effect (200-500Hz) 
 

90dB HL     100dB HL 

 
 
Note that some of the low frequency (200-500Hz) vent effect measurements fall within 2 
standard deviations of measured noise. As such a mean could not always be taken and mean 
plot data has been omitted. This is most noticeable in the tests when insert earphone was set 
to 90dB HL. 
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C.5 Mean High Frequency Feedback Path Gain (1-20kHz) 
 

90dB HL     100dB HL 

 
 



 

 

 

 

 

 

 

 

 

APPENDIX D 

 ACOUSTIC VENTING DATA  
ALTERNATIVE ACOUSTIC SAMPLES 

SAMPLES 6 & 7   
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D.1 Insertion Gain – Vent Number Effect  
 

Silicone Sample, d=1mm L=9mm, 75dB SPL  

 
Silicone Sample, d=1mm L=9mm, 90dB SPL 
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PMMA Sample, d=1mm L=18.5mm, 75dB SPL  

 
PMMA Sample, d=1mm L=18.5mm, 90dB SPL  
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D.2 Insertion Gain – Sample Material Effect  
 

d=1mm L=9mm, 75 SPL 

 
d=1mm L=9mm, 90dB SPL 
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D.3 Insertion Gain – Vent Length Effect  
 

d=1mm, 75dB SPL  

 
d=1mm, 90dB SPL 
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D.4 Insertion Gain – Measured Vs. Modelled  
 

Silicone Sample, d=1mm L=9mm, 75dB SPL 

 
Silicone Sample, d=1mm L=9mm, 90dB SPL
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PMMA Sample, d=1mm L=18.5mm, 75dB SPL  

 
PMMA Sample, d=1mm L=18.5mm, 90dB SPL 
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D.5 Vent Effect - Vent Number Effect 

Silicone Sample, d=1mm L=9mm, 90dB HL  

 
Silicone Sample, d=1mm L=9mm, 100dB HL
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PMMA Sample, d=1mm L=18.5mm, 90dB HL 

 
PMMA Sample, d=1mm L=18.5mm, 100dB HL
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D.6 Vent Effect – Material Effect 

d=1mm, L=9mm, 90dB HL

 
d=1mm, L=9mm, 100dB HL
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D.7 Vent Effect – Vent Length Effect 

d=1mm, 90dB HL  

 
d=1mm, 100dB HL
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D.8 Feedback Gain Curves 
 

Silicone Sample, d=1mm L=9mm, 90dB HL 

 
Silicone Sample, d=1mm L=9mm, 100dB HL
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PMMA Sample, d=1mm L=18.5mm, 90dB HL 

 
PMMA Sample, d=1mm L=18.5mm, 100dB HL 
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D.9 Mean Low Frequency Insertion Gain (200-500Hz) 
 

Silicone Sample, d=1mm L=9mm 

75dB SPL     90dB SPL 

 
PMMA Sample, d=1mm L=18.5mm 

 75dB SPL     90dB SPL 

 

D.10 Mean Low Frequency Vent Effect (200-500Hz) 
 

Silicone Sample, d=1mm L=9mm 

90dB HL     100dB HL
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PMMA Sample, d=1mm L=18.5mm 
90dB HL     100dB HL 

 
 x’s represent data points that includes up to 80% of the data between 1 and 2 standard 
deviations of measured mean noise when calculating the low frequency averages. 
 

D.11 Mean High Frequency Feedback Path Gain (1-20kHz) 
 

Silicone Sample, d=1mm L=9mm 

90dB HL     100dB HL 

 
PMMA Sample, d=1mm L=18.5mm 

90dB HL     100dB HL 
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E.1 Journal Article  
 
Stevenson, D. et al., An Experimental Study on Multiple Acoustic Venting for Hearing Aid 
Applications. Acta Acustica united with Acustica, 2013. 99(4): p. 598-6 
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E.2 Academic Posters 

Academic poster- “Development of Novel Hearing Technologies” prepared for and exhibited 
at the American Academy of Audiology's annual convention  AudiologyNow! 2011 in 
Chicago IL, USA 
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