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Abstract 

Nowadays, various ear-related products, such as earphones, earmuffs and hearing aids, 

are widely used in everyday life. Ergonomic design necessitates that the products 

provide the users with an efficient function, comfort and safety. Anthropometry, as a 

fundamental component of ergonomic design, provides size and shape references for 

associated products. With the advancement of Computer-Aided Design techniques, 3D 

anthropometry provided more precise information than traditional measurements. 

However, applying 3D anthropometry in ear-related product design encounters 

difficulties due to the complex ear morphology and other technical obstacles. 

Previously, ear anthropometry has been investigated under different factors, including 

population, age, gender and symmetry. The majority of the studies used limited ear 

dimensions, which can only be used to design specific products. These studies’ ear 

dimensions were insufficient to aid commercial product design, especially with 

increasing customer demands in various markets. In comparison to traditional 

measurements, 3D anthropometry provides more anthropometric details to improve 

current and future designs. However, the application of 3D anthropometry in ear-related 

studies is difficult due to the ear morphology and variation. Hence, seeking a proper 

method to study 3D ear anthropometry is crucial for related ergonomic design. 

Another design issue was related to the anthropometric applications in ear-related 

product design. For existing commercial products, researchers investigated the 

inconsistency between product size and population variability. Specific studies looked 

into anthropometric applications for specific products with specific dimensions. The 

relationship between ear anthropometry and product size has yet to be thoroughly 

investigated. Therefore, there was a need to explore relevant user experiences, including 

physical fit situations and human perception. 

Regarding the design issues, the thesis aims to investigate 3D ear anthropometry and its 



 iii 

application in product sizing for ergonomic use. To begin, traditional measurements 

were used to obtain basic information about ear size and shape. The traditional 

measurement, as a widely accepted method in anthropometry, provided a general view 

of ear size and shape and was later compared with 3D anthropometric data. The 

collected 3D data was then analysed using Principal Component Analysis to generate 

statistical models. The representative models were used as ergonomic references for 

related product design. As for the user experience, fit and comfort perception were 

studied to seek the relationship between anthropometric data and product size using a 

within-subject experiment. Lastly, a sizing system was established considering the 3D 

anthropometry and human perception with a validation experiment. 

The thesis not only provided statistical anthropometric models for the target population 

but also proposed a comprehensive sizing method considering both 3D anthropometry 

and human perception. The anthropometric study demonstrated the use of 3D scanning 

and other Computer-Aided Design techniques to analyse ear size and shape. The 

anthropometric findings revealed the morphological characteristics of the external ear 

in the Chinese population, which can be used in ergonomic design, medical applications 

and other applications. The study on fit and comfort perception aided in understanding 

the relationship between customised design and user preferences for ear-related 

products. Based on the above findings, the sizing system was developed to effectively 

improve current commercial products and invent new products. 
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CHAPTER 1 INTRODUCTION 

1.1 Research background 

Various ear-related products, including earphones, headsets, earmuffs, hearing aids, and 

headsets, are widely used to assist audition or accomplish other functions in everyday 

life. As shown in Figure 1-1, these various products are designed to fit specific ear 

regions, primarily the external ear. Current customers place a high value on fit issues to 

achieve qualified sound transmission and effective support. As a result, when pursuing 

proper fit for ear-related products, ergonomic research is critical. 

Figure 1-1. Ear-related products fitting different ear regions 

Anthropometry is one of the fundamental research focuses in the field of ergonomics 

(Landry et al., 2007). For a specific ear region, ear anthropometry can provide size and 

shape references for designing ear-related products. Previous anthropometric studies on 

the external ear primarily used 1D or 2D measuring methods to collect data (Farkas et 

al., 1992; Kalcioglu et al., 2003; Kumar & Selvi, 2016; Liu, 2008; Niemitz et al., 2007). 

However, due to the complex ear structure and measurement limitations, selected 
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dimensions in these studies provided limited information to represent ear morphology 

(Alvord & Farmer, 1997). To overcome the limitations, the development of 3D 

techniques opened the gate to model the human body digitally. The 3D models provided 

more anthropometric information than the traditional measuring method (Azouz et al., 

2006). Although researchers have begun to use 3D techniques in ear anthropometry, 

current measuring methods have limitations in representing the entire morphology of 

the external ear. 

Ergonomic studies have been conducted based on anthropometric data to design 

products. 3D scanning has recently been used in anthropometry for various body regions. 

3D anthropometric data were used in customised design for individuals (Chu et al., 2017) 

as well as specific products (Azernikov, 2010; Yu et al., 2015). Unlike the previous 

studies, the design methods for generalised design research and commercial use have 

not been thoroughly investigated. Considering the time-consuming and costly design 

process for each product, developing a sizing system for various products based on 

anthropometric data becomes valuable for researchers and manufacturers. Most current 

commercial products, particularly for ear-related products, were designed using western 

anthropometric data, which cannot perfectly fit the Chinese population due to 

morphological differences between ethnicities. Previous ear anthropometry studies for 

the Chinese population only included a few dimensions. Therefore, this study focused 

on 3D ear anthropometry for the Chinese population with its applications in product 

design. 
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1.2 Aims and objectives 

The first aim of the study is to investigate ear anthropometry with 3D models for the 

Chinese population. For the thesis, the relevant ear region had to be defined. Because 

most industrial products fit with the external ear, the anthropometry in this thesis only 

included the external ear region. Due to differences in ear shape and size among 

different populations (Alexander et al., 2011), target participants were drawn from the 

Chinese population. To obtain the 3D point clouds of the external ear, modelling 

techniques had to be reviewed. After data collection, the 3D models were processed and 

analysed to explore the ear size and shape within the database. Besides, morphological 

characteristics were investigated under the demographic factors for the Chinese 

population. 

The second aim of the thesis is to generate an ear sizing system based on 3D 

anthropometry for ergonomic design use. Ergonomics is the science of designing a 

product, system, or workplace to meet human comfort and fit requirements (Pheasant, 

2003). Aside from anthropometry, Salvendy (2012) explained the significance of fit 

mapping in the design process. Fit issues in product design include not only physical fit, 

but also human users’ perceptions of fit and comfort. Researchers have investigated the 

comfort perception of human users for different products. However, there have been 

very few studies on how users perceive ear-related products. Because of the complex 

morphology and composition of the human ear, findings for ear-related products may 

not be deduced directly from other studies. Therefore, the comprehension of human 

perception for ear-related products can improve the related design. Based on 3D 



  

 4 

anthropometry, ergonomic research has been conducted to evaluate the physical fit 

between the human body and different product designs. Luximon et al. (2016) created 

a design tool to assess the product’s suitability for a 3D head model. In terms of ear-

related products, there are still some challenges to overcome when developing such a 

sizing system due to the complexity and variation of ear shape and size. In addition, the 

sizing system considering both 3D anthropometry and human perception contributed to 

approaching related product design more efficiently. 

Following objectives were specified to approach the research aims: 

1) To investigate the characteristics of the external ear in the Chinese population based 

on gender, age and symmetry; 

2) To collect and analyse the size and shape of the human ear from an ergonomic 

perspective; 

3) To build a relationship between the product size and human perception of comfort 

and fit; 

4) To develop a sizing system of the 3D ear to assist in ear-related product design.  

1.3 Research questions 

The main research question of the study was identified to meet the above objectives: 

How to acquire and apply 3D anthropometric data in optimising ear-related product 

design to achieve proper comfort and fit?  

The main question was divided into four sub-questions so that the whole study can be 
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structured accordingly: 

RQ1. What are the size variances of the external ear as references for conducting 3D 

anthropometry?  

RQ2. How to obtain and analyse the size and shape information of the external ear 

from the 3D anthropometric data for product design purposes? 

RQ3. How does product size influence the users’ preferences regarding fit and 

comfort perception? 

RQ4. How to develop a sizing system based on 3D anthropometry to achieve proper 

fit and comfort for ear-related product design?  

1.4 Research significances  

The thesis is significant in the following aspects:  

For starters, the previous Chinese anthropometric database provided only a few 

dimensions in the ear region. In the study, 3D anthropometric data provided more 

information about ear shape and size than traditional measurements. The study revealed 

ear shape and size characteristics for the Chinese population. The findings were useful 

in a variety of applications, including product design, medical applications and personal 

identification. 

Secondly, the anthropometric study showed the application of 3D scanning and 

parameterisation techniques in analysing the size and shape of the external ear. The 
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methods can be realistically significant for other researchers to study unorganised 

structures within one database. 

Third, the study revealed the users’ product size preferences based on comfort and fit 

perception. These findings contributed to a better understanding of the relationship 

between customised design and human users in the context of ear-related products. 

Lastly, the new sizing system based on 3D anthropometry can provide a close fit of ear-

related products for the Chinese population. It can be utilised to improve the size and 

shape of current products and invent new products effectively for ear-related product 

design. 

1.5 Outlines of the thesis  

The content of the thesis is structured as Figure 1-2.  

The thesis consists of nine chapters. Chapter 1, Introduction, presents research 

background, scope, objectives, research questions and research significance.  

Chapter 2, Literature review, reviews previous anthropometric studies regarding the 

research topic. Different anthropometric methods were reported, and specific techniques 

for 3D modelling external ear were also described. For previous studies, the applications 

of 3D anthropometry in product design were summarised. The thesis addressed research 

gaps and potential research methods based on the literature. 

Chapter 3, Methodology, describes the methodology of the entire research. The 
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methodology was developed in response to the research gaps and objectives. The 

chapter introduced potential study equipment, materials, techniques and statistical 

analysis methods. 

Chapter 4, Traditional anthropometry of the external ear, outlines the first study of the 

thesis. To investigate the selected ear dimensions, the most widely used measuring 

method in anthropometry was used. Size variations were observed concerning 

demographic factors such as gender, age and symmetry. This chapter addresses 

objective 1 and informs research question RQ1. 

Chapter 5, 3D anthropometry of the external ear, outlines the second study of the thesis. 

The method for collecting and processing 3D ear models was presented in this chapter. 

Dimensions extracted from 3D models were compared to standard measurements. 

Statistical analysis was used to investigate the size and shape variations of the ears. This 

chapter addresses objective 2 and provides context for the research question. RQ2. 

Chapter 6, Fit and comfort study of the ear-related product, described the study on 

human perception. The investigation was limited to one typical product type. A within-

subject experiment was used to investigate fit and comfort perception under various 

factors. The outcomes were examined from the standpoint of product design. This 

chapter addresses objective 3 and provides context for the research question. RQ3. 

Chapter 7, Development of a sizing system for 3D ear models, showed the framework 

to develop the sizing system based on 3D anthropometry with fit evaluation. Product 
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sizes for a specific product were determined using statistical models. As validation of 

the framework, the fit evaluation was performed to examine the users’ preferences for 

the finalised sizes. This chapter addresses objective 4 and informs research question 

RQ4. 

Chapter 8, Conclusion and future research, summarised the main findings and 

contributions in the study with addressing the limitations of the research and proposed 

future work based on the topic. 

 

Figure 1-2. Outline of the thesis 
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CHAPTER 2 LITERATURE REVIEW 

2.1 Introduction 

To study ear anthropometry and its applications in product design, this chapter presents 

a systematic overview of the previous research in this area. The ear structure and 

characteristics were first examined to narrow the scope of the study. Previous 

anthropometric research measuring methods were reviewed, along with a discussion of 

the challenges in modelling the external ear. Specific modelling techniques were 

highlighted, and potential techniques for ear anthropometry were proposed. Methods 

for the statistical analysis of 3D anthropometric data were also reviewed. The 

applications of ear anthropometry in designing ear-related products were also reviewed 

from an ergonomics perspective. 

2.2 Ear structure and characteristics 

For conducting anthropometric research of the ear, it is crucial to understand the ear 

structure and its characteristics. For product design purposes, the research scope can be 

defined based on the fundamental morphology. Other characteristics, such as ethnic 

differences, can be useful in determining the study’s target population. 

Ears provide the ability to hear and are essential for facial aesthetics. The human ear is 

composed of the outer, the middle and the inner ear. The functions of each part are 

summarised by Yost and Schlauch (2001): the outer ear is for protection, amplification 

and localisation; the middle ear can match impedance, stimulate selective oval windows, 
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and equalise pressure; and the inner ear can filter and transduce sound. The majority of 

industrial products are now designed to fit the outer ear, also known as the external ear. 

Anthropometry in this study, therefore, focused on the external ear region, including 

pinna, concha and partial ear canal. 

The external ear has a complex structure that makes it challenging to study. Figure 2-1 

shows the main anatomical features of the external ear (Lee et al., 2018). Ear 

morphology can be studied using anatomical landmarks and dimensions. In previous 

anthropometric studies, researchers chose various ear dimensions. However, the 

definitions of landmarks and dimensions varied between studies. Previous studies’ 

terminology was summarised, and several new landmarks and dimensions were 

proposed for product design purposes (Lee et al., 2018). Figure 2-2 lists several 

commonly used landmarks and dimensions. 

 

Figure 2-1. The anatomical features of the external ear (Lee et al., 2018) 
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Figure 2-2. Landmarks and dimensions in the literature (Lee et al., 2018) 

Researchers have examined different variables, such as population, age, gender, and 

symmetry, to explore the ear sizes. Koreans had narrower ears but longer ears than 

Caucasians (Lee et al., 2018). Caucasian men’s ears were significantly smaller than 

Hamadan men’s (Soroor et al., 2018). Different populations should be studied separately 

in anthropometric studies of the ear. 

For a specific population, the changes in ear sizes vary by age, gender, and dimension. 

Niemitz et al. (2007) and Sforza et al. (2009) confirmed that ears continued to grow 

throughout a person’s life. Ear length matures at 13 years of age in males and 12 years 

in females, whereas ear width matures at 7 years in males and 6 years in females (Farkas 

et al., 1992). 

As for ear symmetry, researchers have found significant size differences between the 

left and the right ears (Jung & Jung, 2003; Tatlisumak et al., 2015). Given the above 

factors, the research scope of this study was defined as both sides of the external ear of 
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Chinese adults for current product improvement and future product design in the 

Chinese market. 

2.3 Measuring methods and techniques for ear anthropometry 

In previous studies, researchers have applied various methods to measure the external 

ear. Traditional measurement, photogrammetry and 3D modelling were among the 

methods used. Ear size and shape were primarily studied, with designated ear 

dimensions serving as anthropometric references for the development of specific 

products. 

2.3.1 Traditional and two-dimensional (2D) measurement 

Traditional measurement was the most used method in past studies (Alexander et al., 

2011; Farkas et al., 1992; Jung & Jung, 2003; Kalcioglu et al., 2003; Purkait, 2013). 

Anthropometric data were obtained in these studies by directly measuring the ear 

dimensions with callipers, tapes or goniometers. This method of measurement is simple 

and inexpensive. However, some depth and angular dimensions for a complex structure 

are difficult to obtain using the traditional measuring method.  

In the 2D measuring process, the size and shape information was acquired with 

photogrammetric records from a particular position. Scale references, including a coin 

(Ma et al., 2017), transparent grid with scale (Liu, 2008), and a measuring scale 

(Meijerman et al., 2007; Niemitz et al., 2007), were placed in a predetermined location 

around the ear region, and the ear dimensions were calculated based on the scale ratio. 



  

 13 

Researchers can study the size and shape of the external ear using 2D images. The 

photogrammetric method was relatively simple to carry out once the camera scene and 

scale reference were established. The 2D measuring method was an effective approach 

to obtain the ear dimensions as well as the 2D shape information. It is, however, difficult 

to maintain the same shooting setting and participant position for different participants. 

Furthermore, the shooting angle chosen limits the number of extracted dimensions. 

2.3.2 Three-dimensional (3D) measurement 

Three-dimensional (3D) measuring methods have become common in anthropometry 

to analyse the data efficiently and effectively. 3D scanning technology (Chiou et al., 

2016; Ji et al., 2018; Lee et al., 2018; Zhu et al., 2017), computed tomography (Wang 

et al., 2011; Yu et al., 2015), and stereo-photogrammetry (Sforza et al., 2009) are all 

used in ear anthropometry. 3D scanning is a technology that is widely used in industry 

and research. It has been used in numerous studies to generate 3D point clouds for 

various parts of the human body (Luximon et al., 2012b; Zheng et al., 2007). When 

compared to traditional measurement methods, this technology can provide highly 

accurate data to aid in the analysis of shape and size variance (Kaushal & Kaushal, 

2011). With the advances in 3D scanning technology, some researchers have tried to 

apply 3D scanning technology in ear-related research. Luximon et al. (2016) combined 

traditional casting of the external ear with 3D scanning of head shape to build an 

accurate head model. Lee et al. (2016) tried to create a complete model of the external 

ear by combining a silicone impression model of the ear canal and a 3D scanned model 

of the pinna. Nonetheless, the complexity of the ear’s contour limits deep exploration 
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of 3D anthropometry. Based on the findings, there is a need to investigate ear 

anthropometry using 3D scanning technology, as well as other computer-aided 

techniques. 

Ear anthropometry involves various techniques, such as structured-light scanning, laser 

scanning, computerised tomography (CT) scanning, and magnetic resonance imaging 

(MRI). No significant differences were found among MRI, CT scanning, and laser 

scanning for ear anthropometry (Coward et al., 2005). Furthermore, using the MRI 

technique, plaster casts of the external ear cannot be scanned into a high-quality surface 

and contour (Coward et al., 2005). Although traditional measurement and 3D stereo-

photogrammetry both offer high precision, 3D stereo-photogrammetry provides greater 

precision than the traditional measuring method (Chen et al., 2015).  

As a widely used technique in industry, three-dimensional scanning has been applied in 

3D anthropometry for different parts of the human body. However, its use in the external 

ear can set it apart from other body parts. In terms of 3D scanning optical principles, 

anthropometric data were difficult to obtain from a surface with a complex structure. 

Challenges in ear anthropometry included the inability to directly scan the ear canal and 

obstructions caused by ear excretions or surrounding hair. 

Researchers have tried different methods to collect the 3D model of the external ear to 

overcome these challenges. Detailed information of the entire auricle was obtained with 

ear impression techniques. Except for the ear canal region, the plaster casting technique 

impressed an almost complete model of the auricle (Coward et al., 2005; Mohamed et 
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al., 2013). The silicone moulding technique can be used to imprint the ear canal surface 

(Chiou et al., 2016; Ji et al., 2018). With the help of earmoulds and the scanned head 

model, a complete representation of the outer ear can be created. The combined model 

provided not only the outer ear’s size and shape but also its location on the head. An 

iterative closest point method was applied to combine the ear models by plaster casting 

with the head model by 3D scanning (Luximon et al., 2016). The silicone earmould was 

manually merged with the scanned head to generate the 3D ear model (Lee et al., 2016). 

However, when designing various products for a specific population, a generalisation 

of ear size and shape has not been thoroughly studied based on 3D anthropometry.  

2.3.3 Data analysis approaches for 3D anthropometric data  

In the field of human system engineering, 3D anthropometry can be used for the design 

of work environments, population anthropology, and specific product design (Jones & 

Rioux, 1997). Heymsfield (2018) divided the data acquisition process into three steps: 

data acquisition, point cloud or mesh data processing, and anatomic measurement. An 

important step in data processing during the generalisation of anthropometric 

information is to parametrise the 3D geometric models (Wang, 2013). Parameterisation 

is the process of re-meshing the models in a group so that the anatomical vertices and 

triangles retain the same index (Wuhrer et al., 2011). Unlike global parametrisation, the 

cross-parameterisation approach can achieve shape preservation by minimising the 

shape deformations. (Kwok et al., 2012). Cross-parametrisation used a common base 

domain to bijectively map different surface models with similar features (Kraevoy & 

Sheffer, 2004). Hence, the cross-parameterisation approach can parameterise the human 
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body models with a similar anatomical structure for further statistical generalisation.  

Traditionally, product sizes were determined based on one or two measurements as the 

most relevant dimensions (Lacko et al., 2017). Principal Component Analysis (PCA) 

and clustering analysis are the two main statistical techniques used in 3D anthropometry. 

PCA was used as a multivariate statistical technique to define the structure of variations 

by reducing the dimensionality in a dataset (Maćkiewicz & Ratajczak, 1993). PCA has 

previously been used to generate statistical models from 3D point clouds for the breast 

(Zheng et al., 2007), the foot (Luximon et al., 2012a), and the head (Luximon et al., 

2012b). Clustering analysis aims to partition the dataset into clusters. Previous studies 

have applied the k-means clustering approach to analyse the 3D data for the breast 

(Zheng et al., 2007) and the head (Lacko et al., 2017; Niu et al., 2009). For the unspecific 

number of clusters, the hierarchical clustering technique was used to segment the dataset, 

with analysis of head (Ellena et al., 2017) and foot (Baek & Lee, 2015).  

2.4 Ear-related product design considering the ear anthropometry 

Various ear-related products have been designed for everyday life to satisfy customers’ 

needs. In the industrial field, product sizes were typically determined by selecting one 

or two dimensions after prototype test on a small group of human users (Lacko et al., 

2017). The design range is typically defined as the 5th to 95th percentile values 

(ISO7250-3, 2015; Pheasant, 2003). Equations for designing hand tools based on 

anthropometric data were investigated in the previous study (Kong & Lowe, 2005). A 

prototype test was conducted, with a survey on subjective user preferences (Chang et 
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al., 2010). Lee (2016) proposed that concha width was correlated with earphone size for 

ear-related products, and the curvature of the ear-root aided in the design of ear-band 

products. However, fit evaluation of ear-related product sizes has not been thoroughly 

researched using anthropometric data.  

The abstract design process was generally outlined step by step in a guideline of 

applying anthropometry in product design (HFES 300 Committee, 2004), as shown in 

Figure 2-3.  

 

Figure 2-3. Applying anthropometry in product design (HFES 300 Committee, 2004) 

Ear dimensions are used as anthropometric references to assist in designing various 

products. In previous studies, researchers looked into different ear dimensions for 

various products. Ear length, ear connection length, earhole length and ear lobule 

thickness were specifically studied for designing earmuffs, ear-cup earphones, in-the-

canal earphones and earring pins (Jung & Jung, 2003). Thirteen concha dimensions, 

such as concha length, width, and height, were surveyed for hearing protection earplugs 
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(Chiou et al., 2016). Canal length, canal width, concha length, and concha width were 

investigated for earphone design (Lee et al., 2016). Besides, Lee et al. (2016) addressed 

that earphone designs could not be sufficiently supported with anthropometric data in 

the previous studies. For example, when designing ear-band products, such as 

headphones, glasses, and ear-band products, the curvature of the ear-root should be 

taken into account to ensure a proper fit. As a result, the investigation requirements on 

various ear dimensions were highlighted to improve the market design of ear-related 

products.  

Previous studies have compared ear anthropometry of target populations with product 

dimensions, which identified whether the current product sizes match different markets. 

It was suggested that the sizes of commercial earphones and earmuffs be improved, 

while the current sizes of earring pins could provide a proper fit for Koreans (Jung & 

Jung, 2003). The differences between current product sizes and anthropometric data for 

the Iranian population were investigated, with the recommendation that earplugs for 

Iranians be redesigned (Mohammad et al., 2018). These findings revealed the need to 

improve current product sizes for different markets.  

After reviewing the design problem with the current ear-related products, linkages 

between users and product design were examined in the literature. 3D anthropometry 

has also been used to model the external ear for product design as a research trend in 

ergonomic design. However, the relationship between 3D ear anthropometry and 

product design has not been thoroughly investigated to provide a comprehensive 
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generalisation of anthropometric application in ergonomic design.  

A methodological framework was proposed to apply 3D anthropometry in related 

design with examples of designing in-the-ear headsets and over-the-ear headphones 

(Stavrakos & Ahmed-Kristensen, 2016). Archetypes from 3D anthropometry were used 

to represent human variability and were discussed in conjunction with design 

applications for behind-the-ear and in-the-ear products (Stavrakos et al., 2016). Nine 

clusters were identified in-the-ear database of 200 Danes using analysis of selected six 

ear dimensions, including ear breadth, ear length, ear height, concha X, concha Y and 

circumference (Stavrakos et al., 2016). Similarly, the concha shape was classified into 

27 groups after clustering analysis of three concha dimensions. The classification results 

were validated with earphone prototype testing (Ji et al., 2018). The cluster analysis 

divided the 3D model dataset into several subgroups, resulting in archetypes for related 

product designs (Stavrakos et al., 2016; Ji et al., 2018). Although the classification 

provided an understanding of ear size and shape, the number of subgroups was too large 

to directly determine product sizes. Hence, there is a need to study ear anthropometry 

with practical application in related ergonomic designs. 

2.5 Study on fit and comfort of product 

Ergonomics is the science of designing workplaces, products, or systems to meet human 

demands of comfort and fit (Pheasant, 2003). In addition to anthropometry, Salvendy 

(2012) explained the significance of fit mapping in the design process, as shown in 

Figure 2-4. Fit issues in product design include not only physical fit, but also human 
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users’ perceptions of fit and comfort. 

 

Figure 2-4. Ergonomic design process (Salvendy, 2012) 

Researchers have investigated comfort perceptions for different products, such as sports 

bra (Lawson & Lorentzen, 1990), footwear (Au & Goonetilleke, 2007), and mask (Lee 

et al., 2013). The majority of studies on user experience for ear-related products have 

focused on acoustic performances (Hagerman & Gabrielsson, 1985; Lunner & Oticon, 

2003), ear anthropometry (Chiou et al., 2016b; Jung & Jung, 2003; Mohammad et al., 

2018), and user preferences (Convery et al., 2019). Few studies have been conducted to 

investigate users’ perceptions of fit and comfort with prototype tests. Furthermore, the 

human ear has a complex morphology and a variety of compositions. Perception of ear-

related products may not be directly drawn from the findings in the aforementioned 

studies. Therefore, investigating the fit and comfort perception for ear-related products 

can be a valuable way to improve product designs. 

Anthropometric data can be linked with product design through studying physical fit 
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and human perception. A virtual fit analysis between the product and a 3D ear model 

using Computer-Aided Design techniques can be used to examine the physical fit (Lee 

et al., 2016). However, the virtual fit analysis’s fit issues were relatively difficult to 

compare across different sizes and shapes. There is a need to quantify fit issues to guide 

future design.  

Testing prototypes and reviewing online customer content were two options to 

investigate users’ preferences for ear-related products. An experiment with various 

Bluetooth earphones was used to test the effects of product type, user gender, and ear 

shape on comfort perception (Chiu et al., 2014). The study suggested that more ear 

dimensions be investigated for product design. It was also suggested that elastic material 

and adjustable components should be included in product structures to achieve a proper 

fit. Instead of conducting an experiment and asking questions, users’ preferences from 

online reviews were analysed using a combination of anthropometric measurements, 

and the results were validated using ear-bud headphones (Ferguson et al., 2015). 

Generally, researchers have studied the physical fit and users’ perception of ear products 

through different methods, including the virtual fit analysis (Lee et al., 2016), an 

experiment with the questionnaire on comfort perception (Chiu et al., 2014), and online 

reviews (Ferguson et al., 2015). These methods can be used to enhance the users’ fit and 

comfort on related products.  

2.6 Summary of the literature review and research gaps 

The literature was reviewed to identify potential research gaps for ear anthropometry 
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and its applications in product design.  

The effects of population, gender, age and symmetry on-ear sizes suggested that these 

demographic factors be taken into account when designing products for specific markets. 

Most previous studies found that the limited ear dimensions could only be used to design 

specific products. However, previous studies’ anthropometric data are insufficient to 

provide anthropometric references for current industrial products to fit with different 

ear regions (Lee et al., 2016). For each new design, corresponding anthropometric data 

need to be collected once the dimensions have not been investigated in the past studies. 

Lee et al. (2016) emphasised the importance of ear-root curvatures for ear-band product 

design and stated that such curvatures had not previously been sufficiently studied. 

Based on the anthropometric data, different populations required specially designed 

product sizes for existing commercial products (Mohammad et al., 2018). Hence, 

further study should be conducted for newly designed products and different 

populations. Obviating the need to conduct numerous new surveys, a database 

containing comprehensive ear anthropometry would be helpful for designers and 

engineers.  

Anthropometric data were extracted and analysed from a dataset of 3D ear models 

effectively and efficiently. The 3D anthropometric data proved useful in improving 

current products and designing new ones. Considering the technical challenges 

encountered during the previous anthropometric research on 3D ear anthropometry, 

additional studies on ear anthropometry are required. The terminology and definitions 
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of ear landmarks and dimensions used in previous anthropometric studies were not 

entirely consistent. Hence, the anthropometric findings in the literature were difficult to 

systematically analyse for a generalised application due to the inconsistency. 

Furthermore, there are still technical challenges to overcome during the application of 

3D anthropometry. Because of the limitations of the 3D scanning technique, it is 

difficult to directly scan the ear canal. When performing 3D scanning, the hair near the 

ear region and other ear excretions become obstacles. Three-dimensional anthropometry 

for the outer ear is still in its early stages. Finding an effective method to obtain 3D 

anthropometric data is vital for designing related products. 

Additionally, the linkage between the anthropometric data and related design needed to 

be addressed. Relationships can be formed based on physical compatibility and user 

perception. Previous research, according to the literature, has primarily focused on the 

inconsistency between product sizes and human variability for specific products. 

Although such studies can be useful for related designs, the relationship between ear 

anthropometry and product design has not been thoroughly researched. Therefore, 

further study needs to be conducted to explore the fit issues physically and 

psychologically as holistic guidance for user-centred design. 
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CHAPTER 3 METHODOLOGY 

3.1 Introduction 

This chapter describes the methodology with specific methods and techniques for the 

research. First, the research methodology was developed following the research 

questions and objectives. Second, potential research methods and tools for approaching 

the research topic were compared and discussed. Following that, an overall structure of 

research design for the entire study, as well as specific methods, will be presented. Lastly, 

method implementation and analysis techniques were described for the thesis. 

3.2 Research methodology  

This study aimed to develop a sizing system with a dataset of 3D point clouds to 

improve the design process for ear-related products. According to the science of design 

(Simon, 1998), the research topic was viewed as a problem-solving practice with 

methodical approaches. The base of the confirmatory research is an objective reality, 

which leads to the thesis being inherently positivist. Positivism is a theory that seeks the 

facts and truth about reality (Guba & Lincoln, 2005). Even though ear anthropometry 

has not been fully explored, the knowledge to be discovered in the thesis exists in reality. 

Thus, the ontological attitude of the study was considered realism. Personal experience 

and social interaction had little effect on the object nature of the research goals, resulting 

in an epistemological objective. As a result, quantitative methodology with deductive 

approaches was used to carry out the positivistic study dictated by ontology and 

epistemology. 
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Quantitative methods were mostly used in previous ear anthropometric and related 

ergonomic studies (Azouz et al. 2006; Ben-Bassat & Shinar, 2006). The first and second 

research questions in the thesis aimed to analyse variance and generate statistical models 

for ear anthropometry. The study’s objective data were processed and analysed using 

quantitative techniques. The third question on fit and comfort perception was to 

establish a linkage between the product sizes and the users’ perception. Statistical 

analysis was conducted to examine the relationship between human perception and 

selected factors. The final research question seeks to create a sizing system for the 

design of ear-related products. The study focused on the human variability of 3D ear 

models and product sizes. To achieve the generalised findings, deductive approaches 

and statistical analysis were used. Generally, quantitative research methods were 

foremost applied in the study. 

3.3 Selection of potential methods and tools 

3.3.1 Field experiment & controlled experiment 

The experiment is one of the fundamental quantitative methods in empirical research. 

An experiment was used as an empirical procedure to validate or reject a hypothesis of 

the cause-and-effect relationship between independent variables using scientific 

analysis (Griffith & Brosing, 2014). The experiment on comfort and fit was carried out 

in the study to investigate the relationship between human perception and other 

variables such as gender, age, ear size, symmetry, using condition and product size. 

Field experiments and controlled experiments were the two types of experiments in 
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ergonomic research (Lehto, 2012). A field experiment collects data with observation in 

a real-life environment by controlling specific variables to identify the real-world 

problem. A controlled experiment is typically used in a laboratory setting to manipulate 

variables according to a well-structured procedure. A controlled experiment is often 

used with a highly demanding experimental manipulation during the data collection. 

A 3D scanner is selected to provide acceptable accuracy and resolution when obtaining 

3D ear data in the thesis. Other factors during the scanning procedure, such as hair 

obstruction and lighting condition, may affect the collected data for established 

equipment. Wearing a specially designed latex cap can help to reduce hair obstruction. 

(Luximon et al., 2012). The lighting in the indoor laboratory environment can be 

adjusted. These challenges were diminished with a controlled experiment for data 

collection of 3D anthropometry.  

Users’ perceptions of fit and comfort needed to be collected in the study. Prototypes of 

various sizes were tested on participants to investigate the effects of product size on user 

perception. A field experiment can be used to record users’ preferences while wearing 

the products in real life. Meanwhile, other factors such as social interaction and ambient 

noise may have an impact on the user experience. Other confounding variables needed 

to be controlled to ensure the findings were reliable when discovering the statistical 

relationship between product size and users’ perception. A controlled experiment was 

chosen in this case to reduce the effects of confounding variables. The experiment’s 

condition treatments included static and dynamic conditions as a simulation for real life. 
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3.3.2 Ear impression using different materials 

Difficulties occur when representing the complex morphological structure and details 

inside the ear concha and canal with 3D scanning technology. Ear impression materials 

can be used to collect detailed information in order to create a complete ear model. 

Earmoulds can be made from two materials: plaster and silicone-based material. For the 

first option, the ear is cast with liquid alginate, and the alginate cast is later filled with 

liquid plaster. The whole shape of the external ear was presented with the solid plaster 

model. For the second option, additional reaction silicone and its catalyst were mixed 

and injected into the human ear to mould the ear shape. The silicone moulds can be used 

for two parts separately, including the inside and back parts of the ear.  

Comparisons between the two options are important to determine the method for the 

study. The human participant is an important factor to consider when deciding on a 

method. During the plaster casting procedure, participants must wry their necks to keep 

the liquid from evaporating. Some participants reported discomfort in-the-canal region 

during the plaster casting procedure during the pilot test. On the contrary, the silicone 

material hardly led to discomfort during the moulding process. To ensure participant 

safety, a cotton or sponge earplug was placed on the ear canal as protection to prevent 

the material from going deep inside the canal and to ensure the impression material was 

easily removed. Plaster casting is more time-consuming than the silicone moulding 

process during the data collection. The plaster casting model can be directly scanned to 

acquire an entire ear model, while the two scanned silicone models are required to be 

aligned and merged with Computer-Aided-Design (CAD) techniques. As a result, the 
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silicone moulds were more difficult to process than the plaster casting models. 

Furthermore, the final silicone moulding results can provide more detailed information 

about the ear canal part. The canal details cannot be shown explicitly in the plaster 

casting. In general, the silicone moulding method demonstrated advantages in terms of 

participant feelings, experiment procedure and result accuracy. Thus, silicone moulding 

was used for collecting 3D ear data though the data processing is time-consuming and 

complicated. 

3.3.3 Questionnaire & interview 

Subjective information needed to be obtained to investigate the users’ perception of 

comfort and fit. The two options for recording perception are a questionnaire and an 

interview. A questionnaire was used to collect quantitative data on participants’ 

responses to closed-ended questions. When conducting a questionnaire, the variables 

are fixed with a well-designed structure. Qualitative data were collected about 

participants’ answers to a set of questions through an interview. The interview can be 

conducted either open-ended or closed-ended with a semi-structure or a fixed structure. 

An interview has advantages in structure flexibility and in-depth content than a 

questionnaire. 

In the thesis, the relationship between users’ perceptions and the independent variables 

was evaluated with statistical analysis. Without the need for in-depth content, the 

subjective data was gathered through the use of a questionnaire. The questionnaire needs 

to be designed to establish a link between user perception and product size. The 
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independent variables were the product sizes, use conditions and demographic factors 

of the participants, while the dependent variables were subjective fit and comfort 

perceptions when using the products. In this case, participants can easily follow the 

questions to record their evaluation on all the treatments based on their individual 

grading criteria using a Likert scale questionnaire. The Likert scale between 7 to 10 

points has relatively higher reliability than the shorter scales (Preston & Colman, 2000). 

Based on subjective experience and rating scales with 4 or 7 points, people can imagine 

the zero, slight level, moderate level and a great deal (Krosnick & Fabrigar, 1997). A 7-

point Likert scale was used as an optimal rating scale in the majority of research 

purposes to record subjective data (Krosnick & Presser, 2009) when testing bicycle 

handle (Chang et al., 2010), footwear ( Au et al., 2011) and earphones (Song et al., 2020). 

In the study, a seven-point Likert scale questionnaire was adopted to distinguish the 

perception level based on their individual opinions. A within-subject experiment was 

conducted along with a 7-point Likert scale questionnaire applied to study the users’ 

perception. Different treatments were provided as the independent variables 

manipulated by the researcher. 

3.4 Research framework 

Based on the research questions, this ergonomic study was considered as a process of 

solving design problems. To achieve the research objectives, a quantitative 

methodology was chosen. As a result, the thesis was proposed along with a well-

designed research framework using quantitative methodology. 
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To answer the first and second research questions, traditional measurement and 3D 

anthropometric data were collected and analysed to generalise the size and shape 

information of the external ear. To answer the third research question about users’ 

perceptions of fit and comfort, an experiment was carried out. In the experiment, 

participants’ subjective information was gathered using a Likert scale questionnaire. 

The final study was to create and validate a new sizing system, which included a Likert 

scale questionnaire. The thesis used conjunction of different research methods to collect 

different types of data required by the research aims. The thesis was designed with a 

methodological framework, as shown in Figure 3-1, to systematically explore 3D 

anthropometry and its application in product design.   

 

Figure 3-1. Research framework 
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3.5 Implantation of methods 

Based on the research framework, the specific research methods were determined with 

a well-designed structure systematically. To achieve the research objectives, the 

morphological characteristics of the external ear were investigated using shape and size 

information. Previous research has not addressed the use of ear anthropometry in related 

designs in a systematic manner. First, ear anthropometry was used in the thesis to 

investigate ear size and shape characteristics. The relationship between the 3D ear and 

the product size was then established based on comfort and fit perception. A sizing 

method was proposed and lastly applied in ear-related products with a validation test. 

A set of experimental preparation was set before data collection. The University Human 

Research Ethics Council approved the experiment before it could be carried out on 

human subjects. Appendix I contained the approved proof. Before the experiment, the 

researcher thoroughly explained the experimental procedure to the participants and 

obtained their consent to participate. The researcher could start the experiment 

following the fixed procedure once the participant officially approved the participation 

with signature. The consent form is attached in Appendix II. Calibration of the 

equipment was also required to ensure the accuracy of the instruments. Calibration for 

the Artec Eva scanner and Rangevision Smart scanner was performed using the software 

platforms, Artec Studio and Rangevision Scan Centre, following standard operating 

procedures. 
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When collecting the traditional measurements for the external ear in Study 1, the 

researcher used the same standard to locate the landmarks and acquire the dimensions. 

A total of 501 Chinese adults (251 males and 250 females) were recruited to investigate 

the variation of ear dimensions in relation to gender, age, and ear symmetry (left or right 

side). In Study 2, 3D anthropometry was performed based on the statistical findings 

from the traditional measurement. 103 Chinese adults (51 males and 52 females) were 

recruited to collect the 3D models of the external ear. The Artec Eva 3D scanner was 

used to scan the entire head so that the location of the ear and the shape of the helix can 

be obtained. For each ear, a pair of moulds with a mixture of additional vulcanising ear 

impression material and its catalyst (®ABR) were used to obtain detailed ear 

information. The ear moulds were then scanned using the Rangevision Smart 3D 

scanner. It took about 30 minutes for each participant to complete the entire experiment 

procedure. Several ear dimensions were obtained from the 3D point clouds and further 

compared with the traditional measurements. 

The experiment on fit and comfort perception was conducted to examine the effects of 

product size on users’ perception in Study 3. Thirty Chinese adults took part in the study 

(15 males and 15 females). A full factory type was used in the within-subject experiment. 

The independent variables were demographics, use condition and product size, while 

the dependent variables were users’ perceptions of comfort and fit as measured by a 7-

point Likert scale questionnaire. The first stage of the experiment was to collect the 3D 

models of the external ears using the same methods in Study 2. The second stage was 

the prototype testing on participants around 1 month later. Six sizes of in-the-ear (ITE) 
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prototypes were designed and 3D printed for each participant. In the follow-up 

experiment, the participant was asked to wear each prototype individually under static 

and dynamic conditions. Each treatment lasted three minutes, after which the participant 

filled out a questionnaire about their comfort and fit perception. Totally 24 treatments 

(6 sizes * 2 conditions * 2 symmetry) were implemented in a random sequence, and 

there was a one-minute break between treatments. 

The last experiment was a validation study aiming to test and optimise the sizing 

methods for ear-related products. In Study 4, the 3D anthropometry sizing method was 

proposed. The fit between product sizes and human variability was first led validated 

with CAD techniques, and further discussed with the findings from Study 3. 

Furthermore, the finalised sizes were 3D printed in order to evaluate product fit for 

individuals. Twelve Chinese adults (6 males and 6 females) were recruited in the study. 

ITE prototypes were 3D printed with the determined sizes. The experiment procedure 

was similar to the prototype testing procedure in Study 3. The experiment results were 

helpful in validating and even improving the proposed sizing methods. 

3.6 Analysis technique 

The collected data were processed for further analysis. The raw scanning data were 

processed with different software, including Rapidform, Meshmixer and Zbrush. After 

cleaning the data, landmarks were chosen from the 3D point clouds. The models from 

the same ear were aligned based on selected features before being merged to create a 

complete 3D ear model. Other CAD techniques, such as parameterisation, and Iterative 



  

 34 

Closest Point (ICP) alignment, were applied for processing the 3D ear models. 

The Matlab programme and SPSS software were used to conduct statistical analysis in 

Study 1 and Study 2. PCA in Matlab was used to generate statistical models from the 

3D point clouds. The ear dimensions and other measured dimensions were ratio-scale 

variables in the thesis, while gender, age and ear symmetry were nominal-scale and 

ordinal-scale variables. Descriptive statistics provided a general view of the ear 

dimensions. The correlation analysis was applied to examine the relationship between 

selected variables. T-test and Analysis of variance (ANOVA) were conducted to check 

the influences of different factors. 

SPSS software was used to analyse the comfort and fit perception in Study 3 and Study 

4. The variables from the Likert scale questionnaire were coded and converted into 

quantitative data. As general descriptions, the mean, median, frequency and value 

distribution were presented. Statistical techniques were used to examine the 

relationships between user perception and other factors. The specific relationship 

between perception and product size was proposed with mathematical modelling to 

guide related product design. 
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CHAPTER 4 EAR ANTHROPOMETRY USING 

TRADITIONAL MEASUREMENT 

4.1 Introduction  

The ears play an important role to provide auditory capability and facial aesthetics. 

Anthropometric data from the external ear can be used to reveal morphological 

characteristics for ergonomic design (Lee et al., 2016) and medical applications. 

Understanding the dynamic changes in ear size and shape with age can aid in ergonomic 

research. 

Various studies have examined the physical growth and development of ear dimensions 

in children (Farkas et al., 1992; Kalcioglu et al., 2003). Ear size in the American and 

Dutch populations was found to continue growing during adulthood (Tan et al., 1997; 

Meijerman et al., 2007). Few studies, however, have looked at ear growth in adults, 

including auricle, concha and earlobe dimensions in the Chinese population. Previously, 

traditional measurements were primarily used to collect data in previous studies. Direct 

measurement with a calliper or tape was convenient, especially for large sample size 

anthropometric studies. 

The chapter aims to investigate ear dimensions with traditional measurements for the 

Chinese population. The variation of the chosen ear dimensions was assessed using 

demographic variables such as gender, age and symmetry. The outcomes can provide a 

general picture of various ear dimensions on the auricle, concha and earlobe parts. 

Analysis of the traditional measurement can be used to determine the research scope for 
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further anthropometric study with new techniques such as 3D scanning and related 

ergonomic applications.  

4.2 Methods 

4.2.1 Participants 

The minimum sample size to represent a population was defined to establish an 

anthropometric database in the ISO standard (ISO15535, 2012). Mostly, anthropometric 

data for ergonomic design requires the values at 5th and 95th percentile. As defined in 

ISO 15535 (2012), the standard defined the equation to calculate the sample size, with 

which a database at 5th and 95th percentiles could estimate the real population at 5th and 

95th percentiles with 95% confidence: 

! = #
1.96 × )*
+ × ,̅

.
!
× 1.534!																																																																																					(4) 

where 1.96 and 1.534 are the critical values for a 95% confidence interval at 5th and 95th 
percentiles, 

SD is the standard deviation of the body dimension,  

,̅ is the mean of the body dimension, 

+ is the percentage of relative accuracy for the study. 

In the chapter, the minimum number of randomly sampled participants is 495 with 95% 

confidence and 1% relative accuracy at the 5th and 95th percentiles based on major ear 

dimensions in Farkas’ (1994) study. Fan et al. (2021) determined a minimum sample 

size of 274 with selected ear dimensions for design purpose. Since findings in this 

anthropometric study were used to guide further 3D anthropometric study, the sample 
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size in the chapter was selected to be larger than 495 participants. Totally, 501 Chinese 

adults (251 males and 250 females) aged between 18 and 70 years were recruited in 

Hong Kong. For the repeatability test, 20 of the participants were invited to repeat the 

same procedure of data collection.  

Since the ear size reached the full maturation between the ages of 11 and 13 (Farkas et 

al., 1992; Kalcioglu et al., 2003), only adults were included in the study. Given the 

widespread use of wearable products among the young population, the population 

studied mostly focused on the younger generation. To include more human variability 

in the study, older age groups at various ages were also recruited. Table 4-1 presents the 

participant amounts under different age groups and gender. 

Table 4-1. Participants distribution in Study 1 

Age (years) 18-29  30-49 50-70 

Male 191 38 22 

Female 188 31 31 

Total amount 379 69 53 

4.2.2 Data collection 

Before the data collection, participants were required to fill the consent form as the 

formal approval to participate in the study. Appendix II contains the consent form. With 

a calliper, eight dimensions were recorded for each participant for each right and left 

ear, and fourteen landmarks were chosen to define the dimensions. Figure 4-1 depicts 

landmarks and dimensions. 
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Figure 4-1. Traditional measurement 

Statistical analysis was conducted to analyse the ear dimensions using SPSS 20.0 

software. The mean and standard deviation of all measured dimensions were calculated 

using descriptive statistics. To investigate the relationships between dimensions and 

demographic parameters such as age, gender, symmetry, body height and body weight, 

correlation coefficients were calculated. Size differences were investigated by paired t-

test between the left ear and right ear. The difference between females and males was 

examined by a two-sample t-test. The difference among different age groups was tested 

with one-way ANOVA for males and females separately. 
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4.3 Results  

4.3.1 Descriptive statistics on traditional measurements 

The mean value and standard deviation of all the dimensions are summarised in Table 

4-2 and Table 4-3 for males and females separately. The data provided a general view 

of the dimension growth along with the age increasing.  

Table 4-2. Descriptive of traditional measurements for males 

Age (years) 18-19 20-29 30-39 40-49 50-59 60-70 

Height(cm) 170.2±5.0

5 

172.6±5.8

3 

174.5±5.9

5 

171.2±5.3

1 

170.2±6.1 166.5±5.7

4 
Weight(kg) 63.7±8.88 68.8±10.7

7 

71.1±12.0

6 

72.0±11.7

9 

71.9±8.46 64.0±5.8 

a 

(mm) 

R 62.4±3.61 63.0±3.98 64.4±4.13 67.3±4.77 66.0±3.36 67.5±3.85 

L 62.1±3.86 63.2±3.74 64.6±4.66 66.5±3.93 66.5±3.68 66.8±4.65 

b 

(mm) 

R 30.7±2.98 31.8±2.76 32.7±2.66 34.0±2.88 34.0±1.2 34.1±3.62 

L 31.6±2.11 32.1±2.61 33±2.25 33.3±3.39 33.2±2.18 34.2±2.85 

c 

(mm) 

R 24.1±3.3 23.4±3.48 23.4±3.24 23.1±2.99 24.0±6.21 23.3±4.61 

L 24.9±3.21 23.2±3.65 23±3.12 22.8±3.94 24.9±6.93 24.3±4.86 

d 

(mm) 

R 16.6±2.26 17.0±2.11 17.5±2.8 18.6±2.29 18.9±2.43 18.7±2.22 

L 16.9±2.22 17.3±2.15 17.6±2.45 19.6±3.35 19.2±2.15 18.7±2.04 

e 

(mm) 

R 22.7±2.95 22±3.27 23.2±2.73 23.6±2.76 23.7±1.8 22.7±2.57 

L 23.1±2.73 22.5±3.13 24.1±2.62 24.2±4.39 23±2.01 22.9±2.29 

f 

(mm) 

R 29.1±2.06 28.5±2.07 29.8±1.46 29.7±1.44 30.6±1.74 31.4±1.92 

L 28.7±1.87 28.4±2.05 29.7±1.66 29.8±1.53 30.1±1.08 30.6±2.33 

g 

(mm) 

R 19.1±2.1 18.8±2.21 18.9±1.62 20.2±2.29 19.2±1.49 18.7±1.82 

L 19.7±1.44 19.3±2.31 19.5±1.72 20.2±2.3 19.8±1.78 18.9±1.72 

h 

(mm) 

R 13.6±1.48 13.6±1.47 13.4±1.18 14.2±1.92 13.6±0.94 14.8±1.31 

L 13.7±1.25 13.6±1.37 13.6±1.04 14.2±2.24 13.2±1.72 15.3±0.76 
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Table 4-3. Descriptive of traditional measurements for females 

Age (years) 

(years) 

18-19 20-29 30-39 40-49 50-59 60-70 

Height(cm) 160.9±5.51 161.2±5.57 159.8±7.24 158.8±4 155.3±6.47 148.8±4.25 

Weight(kg) 50.4±4.75 52.8±7.1 55.7±11.26 56.4±7.31 58.0±11.33 51.2±9.02 

a 

(mm) 

R 58.1±4.03 58.7±3.33 61.3±4.91 63.9±5.66 62.9±4.05 62.1±3.49 

L 58.4±3.74 58.7±3.56 61.5±4.58 64.1±5.5 63.4±4.35 62.9±3.12 

b 

(mm) 

R 29.0±3.29 29.9±2.7 30.4±2.67 31.2±2.33 30.7±3.05 31.2±1.82 

L 28.5±3.67 29.7±2.74 30.5±2.7 32.2±2.11 31.3±2.81 31.1±1.63 

c 

(mm) 

R 19.4±3.5 19.9±3.87 21±2.97 18.0±3.2 19.9±4.34 18.3±3.12 

L 19.9±3.47 19.4±3.63 21.5±4.19 17.3±3.51 20.2±4.21 18.7±4.03 

d 

(mm) 

R 15.9±1.86 16.1±1.83 16.3±2.66 18.8±3.09 18.9±1.75 18.2±2.38 

L 15.9±1.86 16.4±1.94 17.2±2.37 19.1±3.01 19.2±2.3 18.3±2.4 

e 

(mm) 

R 19.7±2.38 19.9±3.04 20.8±3.53 23.1±2.74 22.7±2.27 24.5±3.08 

L 19.9±2.34 20.4±2.96 21.6±2.91 24.0±4.18 23.8±1.86 23.7±2.56 

f (mm) 
R 27.5±2.66 26.9±2 28.1±1.78 27.5±2.03 27.7±2.36 27.8±2.04 

L 27.3±2.58 26.9±2.02 27.9±1.86 27.1±2.68 27.6±1.71 27.4±2.01 

g 

(mm) 

R 16.4±1.84 17.3±2.3 17.7±1.73 18.5±2.4 18.7±1.9 17.9±2.01 

L 17.3±2.07 17.4±2.51 18.2±2.17 19.2±2.23 18.6±1.83 18.5±1.61 

h 

(mm) 

R 12.3±1.24 12.5±1.47 12.7±1.59 13.0±1.6 13.1±1.14 13.4±1.15 

L 12.2±1.45 12.3±1.58 12.9±1.49 13.1±2.01 13.5±1.14 13.5±0.92 

4.3.2 Correlations between ear dimensions and other variables 

Correlation coefficients were computed to evaluate the association between ear 

dimensions and other variables, including body height, weight, head sizes and ear 

symmetry. As shown in Table 4-4, measured ear dimensions had very weak correlations 

with body height, body weight, head length, head width and head circumference. As 
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shown in Table 4-5, there was a strong positive correlation between the right and left 

sides for all measured ear dimensions. 

Table 4-4. Correlation analysis of traditional ear dimensions  

  Body height Body weight Head length Head width Head circumference 

a 
R 0.384* 0.527* 0.314* 0.249* 0.236* 

L 0.378* 0.512* 0.286* 0.258* 0.251* 

b 
R 0.377* 0.427* 0.242* 0.217* 0.243* 

L 0.406* 0.467* 0.272* 0.274* 0.265* 

c 
R 0.360* 0.351* 0.206* 0.334* 0.119* 

L 0.360* 0.346* 0.191* 0.352* 0.117* 

d 
R 0.100* 0.374* 0.177* 0.115* 0.182* 

L 0.076 0.393* 0.151* 0.162* 0.177* 

e 
R 0.232* 0.369* 0.228* 0.132* 0.248* 

L 0.247* 0.417* 0.218* 0.188* 0.243* 

f 
R 0.386* 0.374* 0.205* 0.270* 0.163* 

L 0.417* 0.349* 0.241* 0.248* 0.182* 

g 
R 0.253* 0.312* 0.180* 0.237* 0.173* 

L 0.275* 0.339* 0.215* 0.248* 0.175* 

h 
R 0.293* 0.391* 0.177* 0.263* 0.163* 

L 0.295* 0.376* 0.187* 0.252* 0.146* 

*. p<0.05. 
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Table 4-5. Correlation coefficient between right and left ears 

 a_R b_R c_R d_R e_R f_R g_R h_R 

a_L 0.907*        

b_L  0.812*       

c_L   0.829*      

d_L    0.833*     

e_L     0.752*    

f_L      0.778*   

g_L       0.870*  

h_L        0.788* 

*. p<0.05 

Paired t-test was conducted to examine the differences between the left and right ear, as 

shown in Table 4-6. No significant differences were found for dimensions a, b, c, and h, 

while dimensions d, e, f, and g on the left side were larger than the right side with 

significant differences. 
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Table 4-6. Comparisons between left and right ear 

 Mean difference Standard deviation Standard error t df p 

a (left - right) 0.118 1.98 0.088 1.33 500 0.184 

b (left - right) 0.061 1.83 0.082 0.75 500 0.452 

c (left - right) -0.146 2.45 0.109 -1.34 500 0.181 

d (left – right) 0.307 1.33 0.059 5.16 500 0.000* 

e (left - right) 0.482 2.31 0.103 4.66 499 0.000* 

f (left - right) -0.141 1.50 0.067 -2.10 500 0.036* 

g (left - right) 0.349 1.21 0.054 6.44 500 0.000* 

h (left - right) -0.013 1.03 0.046 -0.28 500 0.779 

*. p<0.05 

4.3.3 Influences of gender and age on ear dimensions 

Two-way ANOVA was applied to check the influences of gender and age on ear 

dimensions, as shown in Table 4-7. All participants were divided into three age groups: 

18–29 years (Age group 1), 30–49 years (Age group 2), and 50–70 years (Age group 3). 

Gender has main effects on all of the measured dimensions, according to the findings. 

Differences among different age groups were verified for the ear dimensions except for 

dimension c. The interaction effects between gender and age group were found only for 

dimension e and f. 
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Table 4-7. ANOVA results on gender and age differences 

  df F p 

a 

Gender 1 

 

62.65 0.000 

Age group 2 38.73 0.000 

Age group*Gender 2 0.90 0.406 

b 

Gender 1 

 

56.02 0.000 

Age group 2 14.12 0.000 

Age group*Gender 2 0.42 0.660 

c 

Gender 1 

 

72.30 0.000 

Age group 2 0.04 0.965 

Age group*Gender 2 0.87 0.419 

d 

Gender 1 

 

4.40 0.036 

Age group 2 29.40 0.000 

Age group*Gender 2 0.74 0.476 

e 

Gender 1 

 

10.04 0.002 

Age group 2 20.62 0.000 

Age group*Gender 2 6.11 0.002 

f 

Gender 1 

 

86.19 0.000 

Age group 2 19.62 0.000 

Age group*Gender 2 3.86 0.022 

g 

Gender 1 

 

20.69 0.000 

Age group 2 4.10 0.017 

Age group*Gender 2 1.70 0.184 

h 

Gender 1 

 

33.41 0.000 

Age group 2 9.29 0.000 

Age group*Gender 2 0.862 0.423 

For all the measured dimensions, males have larger ear sizes than females with 

significant differences. The comparisons between males and females are presented in 

Table 4-8.  

  



  

 45 

Table 4-8. Comparisons between males and females 

 Mean for males (mm) Mean for females (mm) Standard error of the difference 

a 64.998 61.255 0.473 

b 32.967 30.533 0.325  

c 23.506 19.669 0.451  

d 18.000 17.451 0.262  

e 23.030 21.912 0.353  

f 29.664 27.469 0.236  

g 19.240 18.004 0.272  

h 13.871 12.869 0.173  

When examining the different age groups, no significant difference was found for 

dimension c. Table 4-9 shows the pairwise comparisons between the three age groups. 

Dimension d increased significantly from age group 1 (18–29 years), to age group 2 

(30–49 years), to age group 3 (50–70 years). Significant growth was observed in 

dimensions a, b, e, f and g from age group 1 to age group 2, but no significant difference 

was observed between age groups 2 and 3. Dimension h significantly grew from age 

group 2 to age group 3, and kept stable from age group 1 to age group 2. 
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Table 4-9. Pairwise comparisons among different age groups  

  Mean difference Standard error p 

a 
Group 2–Group 1 2.917* 0.487 0.000 

Group 3–Group 2 1.041 0.683 0.128 

b 
Group 2–Group 1 1.183* 0.335 0.000 

Group 3–Group 2 0.486 0.470 0.301 

d 
Group 2–Group 1 1.121* 0.378 0.000 

Group 3–Group 2 1.001* 0.378 0.008 

e 
Group 2–Group 1 1.617* 0.363 0.000 

Group 3–Group 2 0.512 0.510 0.316 

f 
Group 2–Group 1 1.013* 0.243 0.000 

Group 3–Group 2 0.416 0.342 0.224 

g 
Group 2–Group 1 0.675* 0.280 0.016 

Group 3–Group 2 -0.088 0.393 0.822 

h 
Group 2–Group 1 0.310 0.178 0.083 

Group 3–Group 2 0.526* 0.251 0.036 

*. p <0.05; 

Group 1: 18-29 years; Group 2: 30-49 years; Group 3: 50-70 years. 

4.3.4 Repeatability 

The repeatability test was conducted on 20 participants for both ears. The intraclass 

correlation coefficients (ICC) and average standard errors for each ear dimension are 

listed in Table 4-10. In the study, the ICC values and the average standard errors reached 

acceptable levels (Hill et al., 2017; Enciso et al., 2004; ISO 20685, 2015).  
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Table 4-10. Repeatability results for the traditional measurements 

Dimension  
Intraclass correlation 

coefficient (ICC) 
Average standard error 

a 0.921 1.250 

b 0.873 1.265 

c 0.946 1.048 

d 0.765 1.125 

e 0.824 1.005 

f 0.913 0.890 

g 0.830 0.840 

h 0.727 0.745 

4.4 Discussion 

Growth study on the external ear can provide a general view of ear size growth along 

with age increasing, which can be helpful to assist ear-related design for different 

customer targets. Some ear measurements have been reported to increase throughout 

adulthood. Ear length, earlobe length, and ear circumference were all positively 

correlated with age in the American (Tan et al., 1997). Significant differences in auricle 

length, earlobe length and auricle width were examined in Dutch adults, but the 

significant differences between subsequent age groups were not tested (Meijerman et 

al., 2007). Dutch females had more irregular development on auricle length and earlobe 

length than the males (Meijerman et al., 2007).  

More ear dimensions were included in the study. For the population, significant growth 



  

 48 

was found on ear length (dimension a), ear width (dimension b), earlobe length 

(dimension d), earlobe width (dimension e), concha length (dimension f), concha width 

(dimension g), and concha depth (dimension h). Significant growth in ear length, ear 

width, earlobe width, concha length, and concha width was found from the young group 

(18–29 years) to the middle group (30–49 years), but no significant difference was found 

from the middle group to the old group (50–70 years). Consistent with other populations 

(Brucker et al., 2003; Sharma et al., 2007), earlobe length increased with significant 

differences across the three age groups. Concha depth increased from the middle group 

to the old group during adulthood. The relatively small mean difference may be affected 

by the changes of soft tissue with the age increment (Ferrario et al., 2003). Additionally, 

the auricle projection (dimension c) showed no significant growth during adulthood.  

In previous studies, the gender difference was examined for Turkish (Tatlisumak et al., 

2015), Sudanese (Ahmed & Omer, 2015), and Indian (Japatti et al., 2018). According 

to the literature, females have smaller ear length and width than males. Turkish males 

have longer earlobe and auricle projection lengths than females, but no significant 

difference in earlobe width was found (Tatlisumak et al., 2015). Sudanese males have 

larger earlobe width, concha length, and concha width than females, while there is no 

significant difference in earlobe length (Ahmed & Omer, 2015). For the Indian 

population, no significant difference was examined between males and females for 

earlobe length, earlobe width, concha length, and concha width (Japatti et al., 2018). In 

the study, all the measured ear dimensions were tested with significant differences 

between males and females. Chinese males have longer ear lengths (a), wider ear widths 
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(b), longer earlobe lengths (d), wider earlobe widths (e), longer concha lengths (f), wider 

concha widths (g), and longer auricle projections (c) than females. As a result, multiple 

sizes for related products should be designed to provide a proper fit for the population. 

Findings on the comparison between right and left ears were not the same for different 

populations. Ear length and width were relatively symmetric in Italian Caucasians, 

while the auricle angle on the left side was larger than the one on the right (Sforza et al., 

2009). For Turkish, there was no significant difference in ear length between both ear 

sides, but asymmetry was found in ear width, earlobe length, earlobe width, and auricle 

projection (Tatlisumak et al., 2015). For Indian, ear length, ear width, and concha length 

showed no significant difference between left and right sides, while bilateral asymmetry 

was examined for other dimensions, including earlobe length, earlobe width, concha 

width, and ear inclination angle (Purkait & Singh, 2007). The human body is not 

completely symmetric, which is consistent with previous findings. In the study, no 

significant differences in ear length (a), ear width (b), auricle projection (c), and concha 

depth (h) were found between the left and right sides, whereas earlobe length (d), 

earlobe width (e), concha length (f), and concha width (g) were larger on the left side 

than the right.  

4.5 Summary of the chapter 

In conclusion, the changes of ear sizes with variables of gender, symmetry, and age 

provided a better understanding of ear size and shape, assisting related design and 

medical applications. All the measured dimensions in the study were significantly larger 
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for males than the ones for females. A strong positive correlation was found between 

the right and left ears for all the measured dimensions. In the study, different external 

ear parts, including the auricle, the concha, and the earlobe, showed distinct patterns 

upon the age factor. Ear length, ear width, earlobe width, concha length, and concha 

width kept growing from the young group (18–29 years) to the middle group (30–49 

years), while no significant differences were found between the middle group and the 

old group (50–70 years). Earlobe length increased with significant differences across 

the three age groups. Concha depth increased from the middle group to the old group 

during adulthood. These dimensions can be used directly in the design of ear-related 

products, as well as provide basic information about ear morphology for future research. 

The definition of sample size and participant criteria in Chapter 5 were selected based 

on the findings. 
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CHAPTER 5 3D ANTHROPOMETRY OF THE 

EXTERNAL EAR 

5.1 Introduction  

Understanding the human body is vital for ergonomic design, and anthropometry can 

help to improve that understanding. Researchers have conducted a variety of 3D 

anthropometric studies for body surfaces as 3D scanning technology has advanced. 

More shape and size information can be provided with greater accuracy and reliability 

using digital modelling techniques than the traditional measuring method (Simmons & 

Istook, 2003). However, 3D anthropometry is still a complex area of research, given the 

freeform shape of the human body (Wang, 2013). Methods of 3D anthropometry may 

differ depending on the morphologies of various parts of the human body. Unlike other 

body parts, the external ear’s complex morphology (Alvord & Farmer, 1997) and 

significant variation (Sforza et al., 2009) make ear anthropometry difficult. 

In digital human modelling, 3D scanning is one of the most common techniques, but its 

application is hindered by the presence of hair and shadow regions (Shah & Luximon, 

2018). In previous studies, different impression methods have been tested to present the 

whole shape of the external ear. Luximon et al. (2016), in particular, used liquid alginate 

to capture the ear shape and then cast it with liquid plaster. Lee et al. (2016) created an 

ear mould out of a silicone-based material. In either method, the ear model would be 

scanned and processed to obtain the 3D ear model. 

Parameterisation needs to be conducted to further explore the characteristics of a group 
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of 3D anthropometric data (Wang, 2013). Parametric modelling uses parameters to 

quantify a group of geometric models (Hu, 2018). A corresponding relationship between 

the models and the detected parameters can be built, allowing the morphological 

features to be generalised within the database. Semantic features can be used to 

represent the 3D shape and size of human body models with similar structures (Wang, 

2013). Following parameterisation, a set of statistical models for product design can be 

generated. 

The chapter aimed to propose a robust method in processing and analysing the 3D shape 

and size for the auricle with statistical techniques. The part included calculating the 

minimum sample size, data acquisition, model processing and data analysis for 3D ear 

anthropometry. To obtain the 3D data for the study, ear moulding and 3D scanning 

techniques were combined. Based on the ear features, cross-parameterisation was used. 

For shape and size analysis, PCA was used. Finally, statistical models were developed 

to represent the chosen region of interest. 

5.2 Data acquisition 

5.2.1 Participants 

The minimum sample size for the anthropometric study was calculated from the formula 

(a) described in Chapter 4. When comparing the sampling errors from 1% to 5% relative 

accuracy, the reduction in sample errors was only about 0.1mm when the accuracy of 

concha dimensions increased by 1% (Ban & Jung, 2020). In the study, a sample size of 

103 participants can meet 3% accuracy of ear length (SD = 4.57, Mean = 61.64mm) and 
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ear width (SD = 2.98, Mean = 31.14mm), and 5% accuracy of concha length (SD = 2.25, 

Mean = 28.02mm), concha width (SD = 2.37, Mean = 18.36mm), and concha depth (SD 

= 1.58, Mean = 13.12mm) for ergonomic design use (Ban & Jung, 2020).  

103 Chinese adults (51 males and 52 females) within the age range of 18 to 70 years 

were recruited in Hong Kong for the data collection. As a result of this, in Chapter 4, 

the ear sizes of young people (18–29 years) differed from those of the middle (30–49 

years) and old groups (50–70 years). In the chapter, 51 participants (25 males, 26 

females) between the ages of 18 and 29 and 52 participants (26 males, 26 females) 

between the ages of 30 and 70 were recruited for data collection. All participants 

involved have no soft tissue and bone problems in the head and ear region.  

5.2.2 Material and equipment 

Different components of the external ear need to be obtained separately using current 

3D scanners to acquire a 3D ear model. A handheld scanner, the Artec Eva scanner, 

was used to capture the 3D model of the auricle as well as the head. The concha and 

ear canal regions were moulded with ABR ear impression silicone and scanned with 

the RangeVision Smart 3D scanner. All the material and equipment involved are 

shown in Figure 5-1. 
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(a) Artec scanner   (b) Impression material    (c) RangeVision scanner 

Figure 5-1. Material and equipment for data collection 

Artec Eva scanner 

The Artec Eva scanner uses safe-to-use structured light to capture the 3D data, which 

makes it applicable to scan different kinds of objects. A 3D model can be acquired 

quickly with the help of Artec Studio software. It is widely used in the industrial sector 

to create a fast, textured and precise 3D model of medium-sized objects. The scanner 

provides a 3D resolution of 0.5mm and a 3D point accuracy of 0.1mm, with a flashbulb 

(no laser) as the structured light source.  

ABR ear impression material 

Since the Artec Eva has some limitations in scanning small and complex objects, the 

earmould can provide more details on the ear region. ABR ear impression material is 

used to mould the external ear for customised ear-related product design. During the 

moulding process, the material can provide high elasticity and exceptional stability 

while achieving impression exactitude for the complex ear structure. A quick mould can 

be made with a mixture of silicone base (material A) and its catalyst (material B) with 
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a ratio of 1:1. 

RangeVision Smart scanner 

RangeVision Smart scanner is a desktop 3D scanner used with an automatic turntable. 

The data accuracy is up to 0.12mm using LED as structured light. It is widely used for 

the digitisation of small objects in conjunction with an automatic turntable. The 

turntable is linked to the scanning system to provide automated 360-degree scanning, 

which speeds up and simplifies the scanning process. RangeVision ScanCenter software 

is also used to process the scan results into the final 3D model with different 

functionalities. 

5.2.3 Data collection procedure 

The reproduction accuracy of the data collection procedure was evaluated with a 

repeatability test. As in previous 3D anthropometry repeatability studies (Kouchi & 

Mochimaru, 2004; Vyavahare & Kallurkar, 2016), five participants (both ear sides) were 

invited to repeat the data collection procedure. The average standard errors ranged from 

0.323mm to 0.665mm which met the acceptable levels (Enciso et al., 2004; ISO 20685, 

2015). 

At the start of the data collection procedure, the participant must fill the consent form 

(Appendix II) as the formal approval to participate in the study, fully understanding the 

whole procedure. Following that, demographic information, including age, gender, 

weight, and height, was recorded.  
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Before the scanning, each participant was required to wear a latex cap to cover hair, and 

the extra hair was dealt with hairpins if necessary. The participant was asked to sit in a 

fixed chair with no movement during the scanning. The researcher captured the entire 

head model with the Artec Eva scanner, focusing on the ear region in particular. The 

scanning procedure takes about 2 minutes. Figure 5-2 depicts the scanning process as 

well as the original data with texture information. Following scanning, the raw 3D point 

cloud was processed in Artec Studio software using functions such as data cleaning, 

global registration, sharp fusion and small object filtering. An STL file was finally 

exported for further processing, as presented in Figure 5-3. 

  
(a) Scanning process      (b) Original scanning data 

Figure 5-2. 3D scanning for head and ear region 
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(a) Front view                   (b) Right view 

Figure 5-3. 3D scanning result for head and ear region 

Before moulding the ear region with ear impression material, the external ear was 

cleaned with a hygienic swab and wiped with wet tissue softly. To prevent the silicone 

material from going deep inside the ear canal and making it easier to remove the mould 

after solidification, a sponge earplug was placed in each ear canal as protection. There 

are two sizes of earplugs available, depending on the size of the ear canal. 

During the moulding process, the participant was required not to open up the mouth 

unless necessary since the jaw movement can influence the size of the ear canal 

(Oliveira et al., 1992). During the moulding process, a 1:1 mixture of materials A and B 

was carefully injected into the target part with a plastic injector, and the material was 

gently compacted for a more accurate representation of the target. The first step for each 

ear was to use the above method to mould the concha and canal part; the second step 

was to mould the back part of the cartilage after the canal mould became solid; and the 

final step was to remove the pair of earmoulds. The data collection procedure took 

approximately 15 minutes for each participant on both sides of the ears. Figure 5-4 
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shows the moulding process for a right ear. After the moulding process, the participant 

was free to leave. 

   

Figure 5-4. Ear moulding process 

Since the ear impression material needed to be stored at a temperature range between 

10 and 20 centigrade, it was preferred to scan the ear moulds right after the data 

collection. The scanning system, including the scanner and automotive turntable, was 

calibrated before the scanning process as part of the calibration routine. Each earmould 

was first divided into two parts for 3D scanning to obtain the 3D model. The pieces 

were then scanned individually on the turntable from eight different directions. The 

individual point clouds were then aligned and merged into a single model in 

RangeVision ScanCenter software. Two 3D models were saved as STL files for further 

model processing for each side of the ear. Figure 5-5 demonstrates the scanning process 

and scanning results for ear mould. 
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(a) 3D scanning process     (b) Data process        (c) Scanning result 

Figure 5-5. 3D scanning process and result for earmould 

5.3 Data processing 

5.3.1 Data preparation 

All models were cleaned before the data processing by removing outliers, building 

bridges, filling holes, and smoothing surfaces in Meshmixer software. A pair of 

earmoulds were located on the scanned ear models in Rapidform software with the 

landmark alignment, as shown in Figure 5-6. 

  

(a) Landmark alignment       (b) Alignment result 

Figure 5-6. Model alignment process with landmark alignment 
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The earmould model needed to be merged with the 3D head model to acquire the 

complete model of the external ear. The ear impression part on the mould remained after 

the merging process, and the related unwanted part in the pinna part was removed in 

Rapidform software. In Zbrush software, a curve bridge was built to connect the three 

separate models into a single model. Following the smoothing process, the external ear 

model can be exported as an STL fileThe merging result is presented in Figure 5-7. 

 

Figure 5-7. A complete 3D model of the external ear  

5.3.2 Model parameterisation 

The cross-parameterisation technique can preserve morphological features by reducing 

shape deformation. The featured cross-parameterisation method (Kwok et al., 2012) was 

applied to process the 3D ear model. From the head model, the ear region was 

distributed and then formed into a close surface. As shown in Figure 5-8, 31 landmarks 

were chosen as feature points in each ear model for further parameterisation. Based on 

the anatomy of the ear, 13 landmarks were chosen, including (2) Superaurale; (7) 
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Otobasion superius; (10) Superior cavum concha; (13) Incisura anterior auris posterior; 

(15) Otobasion posterius; (19) Tragion; (20) Antitragion; (21) Intertragic incisure; (26) 

Otobasion inferius; (28) Superior canal entrance; (29) Inferior canal entrance; (30) 

Canal cross-section center; and (31) The most posterior point of the helix at the junction 

of triangular fossa. Landmark 11 was located in the centre of the bottom surface, and 

the remaining landmarks were located on the surface edges every 45 degrees, with the 

centre of landmark 13 being located in the centre of the top surface. 

 

Figure 5-8. Landmark selection for parameterisation on the ear model 

Based on the above-featured landmarks, the cross-parameterisation was used to re-mesh 

the 3D ear models. With the triangulation and subdivision method, the amounts of points 

remained the same for different models within each corresponding triangle, as shown in 

Figure 5-9. The landmark location and the point cloud distribution were mirrored 

between the left and right ear. After parameterisation, the ear models can be further 

analyzed through programming to generate the statistical models. The study assumed 

that the number of ear models was Ne, and the number of points on the parameterised 
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models was Np. In the original 3D coordinate, each point pij had coordinated values in 

the three axes (xij, yij, zij), where i=1, 2,…, Ne, and j = 1, 2,…, Np. The pi represented the 

point cloud of ear model i. The set pij, where pij∈pi, represented the sample points for 

model i. 

 

Figure 5-9. Parameterisation process based on the selected landmarks 

5.4 Dimensions extracted from the 3D models 

Dimensions can be directly extracted from the 3D ear models. Based on the selected 

landmarks during the parameterisation, dimensions were obtained from the 3D point 

clouds using Matlab. The extracted dimensions were defined as Figure 5-10 based on 

the four directions (superior, inferior, posterior, and anterior) in the anthropometric 

study (Lee et al., 2018).  
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Figure 5-10. Dimensions obtained from the 3D ear model 

Fifteen dimensions were acquired from the 3D point clouds. Eight dimensions were 

identical to the traditional measurements collected in Chapter 4, while seven additional 

dimensions were extracted as critical dimensions for ear-related product design (Lee et 

al., 2018). Table 5-1 shows the descriptive statistics for the ear dimensions. These 

dimensions can be directly applied to determine product sizes for specific designs.  
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Table 5-1. Dimensions extracted from the 3D ear models 

Dimension Mean Standard 

deviation 

Minimum Maximum 

a (mm) 62.9  4.3  52.8  75.7  

b (mm) 31.0  2.7  23.7  40.1  

c (mm) 20.9  3.6  14.3  33.4  

d (mm) 16.5  2.8  9.9  27.2  

e (mm) 22.3  2.6  15.8  29.2  

f (mm) 28.8  2.2  23.9  34.3  

g (mm) 17.9  2.2  13.4  26.5  

h (mm) 14.1  1.6  9.5  21.8  

i (degree) 61.4  6.5  42.5  77.4  

j (degree) 27.8  3.9  16.8  41.9  

k (mm) 37.1  8.4  20.9  67.4  

l (mm) 19.3  1.8  14.9  24.9  

m (mm) 8.2  1.2  4.9  12.4  

n (mm) 9.5  1.1  7.1  13.1  

The eight dimensions (dimension a to h) were also measured in Chapter 4. Table 5-2 

lists the descriptive information of the traditional measurements. Table 5-3 shows the 

mean differences (MD) computed to examine the difference between the two measuring 

techniques. For anthropometric studies, Bradtmiller and Gross (1999) used MD as an 

indicator of systematic difference: 

!" = 1
%&(!!" −!#")																																																																																			(+)

$

"%&
 

where Ms is the 3D scanning measurement, and Mt is the traditional measurement for 
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each of Ne ears. The MDs between traditional and 3D scanning measurements varied 

between 0.18mm and 1.19mm, considered acceptable error margins based on ISO 

20685 (2010). 

Table 5-2. Dimensions using traditional measuring method 

Dimension Mean Standard 

deviation 

Minimum Maximum 

a (mm) 61.6  4.6  45.1  75.5  

b (mm) 31.1  3.0  18.8  41.5  

c (mm) 21.5  4.2  11.5  38.1  

d (mm) 17.0  2.3  10.5  27.7  

e (mm) 21.7  3.2  9.9  31.0  

f (mm) 28.0  2.3  17.6  35.7  

g (mm) 18.4  2.4  10.5  26.3  

h (mm) 13.1  1.6  8.3  18.6  

Table 5-3. Comparisons between traditional and 3D scanning measurements 

Dimension MD 

a (mm) 0.53  

b (mm) -0.30  

c (mm) -0.77  

d (mm) -1.19  

e (mm) 0.18  

f (mm) 0.20  

g (mm) -0.63  

h (mm) 0.81  
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5.5 Statistical model of the ear concha 

The parameterised models were cleaned by deleting irrelevant parameters for further 

statistical analysis. In this thesis, ear concha was chosen as the region of interest due to 

its potential for further application in product design. The analysis method described in 

this section could be applied to other parts of the ear or even the entire ear model. 

The first step was to eliminate the impact of ear symmetry. Since the absolute value of 

the difference between the left and right sides was relatively small from the design 

perspective, the symmetry variable was removed to analyse the 3D models. All of the 

left ears in this study were mirrored in the same direction as the right side. 

The second step was to remove any points that were no longer relevant. The pinna and 

surrounding skin were kept as the external ear, while the rest of the close surface was 

removed. The cross-section area through [Landmark 30] does not exist on a natural 

human ear. To delete this unwanted area, 50% of the total points inside the ear canal 

closed to [Landmark 30] were removed, while the other points near the canal entrance 

remained. ITE products usually contact part of the region, including the ear canal near 

the canal entrance, ear concha, and the pinna close to the concha. As a result, the canal 

and concha encompassed the area inside the edge [Landmark 10 – Landmark 19 – 

Landmark 13 – Landmark 21 –Landmark 18 – Landmark 10]. With a few points outside, 

the above edge acquired the pinna region close to the concha. Finally, the concha model 

was obtained by adding the canal and concha portion to the remaining pinna region. As 

the region of interest in the study, these settled models were still parameterised since the 
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amount of deleted points for each model was kept the same. 

After data cleaning, the models needed to be aligned for further analysis. The Frankfurt 

alignment method (Kouchi, 2004), Iterative Closest Point (ICP) method (Luximon, 

2016), and the landmark alignment method were the optional techniques for model 

alignment. The section’s landmark alignment was chosen with the external ear’s 

complex structure and variation. [Landmark 7], [Landmark 13], [Landmark 15], and 

[Landmark 26] were used as the reference points for model alignment.  

After the data cleaning and alignment, the parameterised models were analysed to 

generate a set of statical models. The PCA method reduced the dimensionality of the 

three-dimensional model set to a lower-dimensional space. This multivariate analysis 

was used in the study to determine the size and shape variation of the outer ear by 

reducing the number of ear dimensions. The initial shape model was generated using 

the average model, which was then deformed by changing the values of other 

anthropometric dimensions. As shown in Figure 5-11, the average model 6"  was 

represented by points 7"# (,"#, 8"#, 9"#), where i=1, 2,…, Ne, and j = 1, 2,…, Np. To 

conduct PCA, model i was presented with vector Vi = [xi1 yi1 zi1 … xij yij zij … ]. The 

eigenvalues and covariance matrix were calculated with the PCA method (Luximon et 

al., 2012a). Table 5-4 presents the eigenvalues and cumulative proportion of total 

sample variance for eight principal components.  
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Figure 5-11. Average model of the selected region of interest 

Table 5-4. Summary of eight principal components 

 Factor1 Factor2 Factor3 Factor4 Factor5 Factor6 Factor7 Factor8 

Eigenvalue 6996.6 4101.5 3013.7 2376.0 1745.7 1389.1 1049.8 976.9 

Cumulative proportion 23.72 37.63 47.84 55.90 61.82 66.53 70.09 73.40 

In the study, the variance was assumed to be shown with the first three factors. The 

principal axes were defined as factor 1, factor 2, and factor 3. The variance of 3D models 

was shown with (factor 1, factor 2, factor 3). The average model was (0,0,0), the model 

with positive three standard deviations in all three axes was (1,1,1), and the model with 

negative three standard deviations in all three axes was (−1,−1,−1). As shown in Figure 

5-12, all eight models were computed to demonstrate the variance under the three 

principal components. The statistical models were used as anthropometric references 

for product design and further validated in the following chapter. 
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Figure 5-12. Statistical models under the three principal components 

5.6 Summary of the chapter 

In the chapter, a robust method for collecting, processing and analysing 3D ear models 

using statistical techniques was proposed. The parametric technique was used in the 

method to study the morphological characteristics of the external ear.  

Ear dimensions were obtained from the 3D point clouds, which can be directly used in 

a specific design. A comparison between these dimensions and the traditional 

measurements indicated the acceptable errors based on the anthropometric standard. 

More size and shape information was provided by statistical 3D models than specific 

dimensions for ergonomic design. The cross-parameterisation technique converted raw 

scanned data into a parametric point cloud, which was useful for processing other 
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geometric shapes with disorganised structures. PCA was used to generate a set of 

representative ear models from the parameterised models. These statistical models for 

ear concha can be directly used for product design. In the following chapter, the 

application of the statistical models in product design was further specified with a 

validation study. 
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CHAPTER 6 FIT AND COMFORT STUDY OF EAR-

RELATED PRODUCT 

6.1 Introduction  

Fit and comfort were highlighted when designing the product and system from the 

ergonomic perspective (Pheasant, 2003b). Several studies on fit and comfort perception 

based on user experience have been conducted for masks (Lee et al., 2013), footwear 

(Au & Goonetilleke, 2007), and bras (Lawson & Lorentzen, 1990; Zheng et al., 2007). 

In most previous research on ear-related products, user experience was studied on 

acoustic performances (Hagerman & Gabrielsson, 1985; Lunner & Oticon, 2003), ear 

anthropometry (Chiou et al., 2016b; Jung & Jung, 2003; Mohammad et al., 2018), and 

user preferences (Convery et al., 2019). Few studies used prototype tests to investigate 

fit and comfort perception. Therefore, it is necessary to investigate the fit and comfort 

issues for ear-related products, especially for long-wearing devices.  

Various ear-related products have been designed for everyday life to satisfy customers’ 

needs. As long-wearing equipment in the healthcare industry, hearing aids amplify 

collected sound for people with hearing loss. Hearing aids of various types, such as 

Behind-The-Ear (BTE), ITE, In-The-Canal (ITC), and Completely-In-The-Canal (CIC), 

were developed to meet the specific needs of users. As illustrated in Figure 6-1, BTE, 

ITC and CIC aids are widely used in the current commercial market. ITE aids are 

currently designed to be customised based on individual ear shape and size. This study 

examined the fit and comfort perception for ITE products, considering that the products 
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fit both ear concha and partial canal regions. 

 

Figure 6-1. Existing commercial hearing aids. 

CAD simulation, mock-up evaluation, and prototype evaluation were the commonly 

used methods to evaluate the product fit during the design process (Popovic, 1999). 

CAD simulations were used to assess the usability at the early design step for earphones 

(Lee et al., 2016a) and ITC aids (Jarng & Ting, 2009). However, the real-world user 

experience may differ from the virtual fitting results obtained through CAD simulation. 

A prototype test was useful for examining the size and shape of the product from the 

standpoint of the user experience. 

Ear anthropometric data were essential for ear-related product design. 3D scanning 

technique was widely used in anthropometric studies to obtain accurate de detailed 

anthropometric information. The ear impression techniques provided solutions for 

obtaining concha and canal data, which was difficult to obtain directly using 3D 

scanning. In various ear anthropometric studies, researchers have combined scanned 

ears with earmoulds (Chiou et al., 2016b; Ji et al., 2018; Lee et al., 2016; Unal et al., 

2008). The 3D ear model can be used to connect the ear anthropometry to product design.  
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This chapter investigates the fit and comfort perception for different sizes of ITE aids. 

A within-subject experiment with a Likert scale questionnaire was used in the study to 

evaluate the effects of product size on fit and comfort perception for ITE aids. The 

prototype shape was designed specifically for each ear shape. The 3D ear models for 

each individual were collected as the anthropometric reference for product design using 

ear impression and 3D scanning techniques. During the prototype test, a seven-point 

Likert scale questionnaire was used to assess fit and comfort. Findings from the study 

can be directly used in a customised design for ITE aids. Moreover, a relationship 

between anthropometry and user experience can be deduced for ear-related product 

design.  

6.2 Methods 

6.2.1 Participants 

Thirty Chinese adults (15 males, 15 females) aged between 20 to 40 years were recruited 

in the study. Individuals with soft tissue and bone problems were excluded. Table 6-1 

shows the demographic information of the participants.  

Table 6-1. Participants information in Study 3 

 Amount Age (years) Height (cm) Weight (kg) 

Male 15 26.3±3.0 174.7±4.6 69.3±12.0 

Female 15 27.6±3.5 160.5±6.0 52.3±12.0 

Total amount 30 27.0±3.3 167.6±9.0 60.8±14.6 
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6.2.2 Material and equipment 

For hearing aids design, ear concha is vital as the anthropometric reference. Earmoulds 

were used to obtain detailed size and shape information because the concha details are 

too intricate to be obtained directly by a 3D scanner. The earmoulds in the study were 

made with an additional vulcanising ear impression material (® ABR). 

The earmoulds were further scanned to obtain the 3D models for prototype preparation 

with the Reeyee (® Wiiboox) scanner. The LED raster scanning technique was used by 

the scanner, which had a data accuracy of less than 0.1mm and a resolution of 1.31 

million pixels. The turntable can be used in an automatic rotation mode to obtain 3D 

data for objects with dimensions less than 20*20*20mm. The Reeyee scanner is 

depicted in Figure 6-2.  

 

Figure 6-2. Reeyee scanner 

6.2.3 Experiment procedure  

Before the experiment, the participants were informed of the two-step experiment 

procedure and asked to sign the consent form (Appendix II) as formal approval of 

participating in the experiment. The two-step procedure required the participants to 
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come on two separate dates after coordination.  

In the first stage, earmoulds of the ear concha were made for each participant, which 

took approximately 30 minutes. To begin, each participant’s demographic information, 

such as age, gender, weight and height, was recorded. The participant was then asked to 

sit still so that the earmoulds could be made. The ear impression material was injected 

into the ear concha with a plastic injector, following the same procedure as described in 

Chapter 5 for making earmoulds. Before the participant left, the preferred date for the 

next-step experiment was selected.  

The earmoulds were further scanned to generate the 3D models by the Reeyee scanner. 

For each earmould, twelve directions were used to scan the surface, where the turntable 

was rotated every 30 degrees. Using the 3D models, a set of ITE aids was designed for 

each ear model. The first model, as shown in Figure 6-3, was created using the original 

ear model. The original aid model was shrunken and fattened perpendicular to the 

surface in Blender software, just like the standard normal meshes. The transformation 

was not influenced by the pivot point or the transform orientation. With the 

transformation method, the original model (size 3) was shrunken 1.0mm as size 1, and 

0.5mm as size 2, while the original model was fattened 0.5mm as size 4, 1.0mm as size 

5, and 1.5mm as size 6, as presented in Figure 6-4. The aids sets were then 3D printed 

with Acrylonitrile Butadiene Styrene (ABS) material with Stereo Lithography 

Apparatus (SLA) technique for the second stage of the experiment, as demonstrated in 

Figure 6-5.  
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(a) Front view            (b) Back view 

Figure 6-3. Computer-Aided Design of ITE aids in the original size 

 

Figure 6-4. Digital models of aids set in six sizes 

 

Figure 6-5. 3D printed prototypes  
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In the second stage, the prototype test was conducted to examine the fit and comfort 

perception, which took approximately 2 hours. Since the difference between the left and 

right ear was unknown, the twelve prototypes were tested one by one for either left or 

right ear in a random sequence. The prototype test was carried out in two conditions, 

static and dynamic, to simulate daily life usage. In the static condition, the participant 

was asked to sit still without any strenuous body movement, simulating the working or 

studying environment. In the dynamic condition, the participant was asked to flex the 

neck horizontally and vertically, jump, run, and walk. Therefore, 24 treatments (6 sizes 

* 2 conditions * 2 symmetry) were tested for each participant in total. For each treatment, 

the participant was asked to wear the prototype on one ear for three minutes before 

filling out a questionnaire to record the fit and comfort perception during the last minute. 

There was a one-minute break between each treatment. Additionally, one extra random 

treatment was conducted for the participants to check the repeatability. 

The questionnaire was designed to quantify the subjective preferences on perceived 

comfort during the product usage and perceived fit between the ear region and product, 

as attached in Appendix III. The researcher recorded the tested parameters for each test 

and kept them hidden from the participants. To align with the research objective, 

comfort was defined as the overall satisfaction of being free of pain or other physical 

sufferings while using the product. Meanwhile, fit was defined as the perceived ability 

to wear the appropriate size and shape without being too loose or too tight. Both the fit 

and comfort perceptions were recorded in a 7-point Likert scale. Figure 6-6 presents the 

prototype testing when wearing the aid prototypes, and Figure 6-7 shows the experiment 
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scenarios for static and dynamic conditions.  

 

Figure 6-6. Prototype test for the six sizes  

    
       (a) Static condition             (b) Dynamic condition 

Figure 6-7. Experiment conditions when wearing protoytpes 

Besides, two ear dimensions were acquired from the 3D models of earmoulds. Concha 

width and concha length were measured from the 3D point clouds, as shown in Figure 

6-8. Concha width and concha length were extracted based on the definitions in the 

previous study (Lee et al., 2018).  
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Figure 6-8. Concha width and length measured from the 3D earmoulds 

 

6.2.4 Data analysis 

The measured variables in the Likert scale questionnaire were coded into quantitative 

data for conducting analysis, as listed in Table 6-2. The comfort variable was coded into 

1 (‘extremely uncomfortable’), 2 (‘uncomfortable’), 3 (‘slightly uncomfortable’), 4 

(‘uncertain’), 5 (‘slightly comfortable’), 6 (‘comfortable’), and 7 (‘extremely 

comfortable’), where 7 represented the highest level of comfort. The fit variable was 

coded into −3 (‘extremely loose’), −2 (‘loose’), −1 (‘slightly loose’), 0 (‘perfectly fit’), 

1 (‘slightly tight’), 2 (‘tight’), and 3 (‘extremely tight’), where 0 offered the highest 

level of fit. 

  



  

 80 

Table 6-2. Coding items in the Likert Scale questionnaire 

Comfort Score Fit Score 

Extremely uncomfortable 1 Extremely loose -3 

Uncomfortable 2 loose -2 

Slightly uncomfortable 3 Slightly loose -1 

Not sure 4 Perfectly fit 0 

Slightly comfortable 5 Slightly tight 1 

Comfortable 6 Tight 2 

Extremely comfortable 7 Extremely tight 3 

Statistical analysis was conducted to analyse the quantitative data using SPSS software. 

Correlation analysis was first used to examine the correlation between perception scores 

and recorded variables, including gender, age, symmetry, condition, and prototype size. 

The T-test was used to confirm the differences in fit and comfort perception based on 

ear symmetry and gender. The relationship between perception scores and concha sizes 

was calculated using correlation coefficients. The two-way ANOVA test was used to see 

if the prototype size and use condition influenced the fit and comfort perception. A t-

test was used to investigate the main effects of the two within-subject factors. For the 

elements with significant influences on fit and comfort perception, mathematical 

trendlines were generated to quantify the relationships. 
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6.3 Results 

6.3.1 Correlation analysis of recorded variables 

The correlation results are presented in Table 6-3 among gender, age, concha width, 

concha length, prototype size, symmetry, fit scores, and comfort scores. From the results, 

the fit scores were strongly correlated with prototype size. The concha width, concha 

length, using condition and prototype size were all weakly correlated with comfort 

scores. There was no significant correlation found between user perception and 

demographic variables such as gender and age. These findings provided a broad picture 

of the relationship between the variables in the study. 

Table 6-3. Correlation between perception and other variables 

 Fit Comfort 

 Correlation p Correlation p 

Gender -0.037 0.159 -0.001 0.485 

Age -0.024 0.258 -0.220 0.278 

Concha width 0.013 0.738 -0.081 0.031 

Concha length 0.003 0.945 0.089* 0.017 

Symmetry 0.023 0.272 0.027* 0.232 

Condition -0.077 0.019 -0.048* 0.097 

Prototype size 0.893* 0.000 -0.110* 0.002 

*. p<0.05 

6.3.2 Difference of ear symmetry on comfort and fit perception 

A paired-samples t-test was used to examine the differences between the left and right 
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ear. The results for all the prototype sizes are presented in Table 6-4. No significant 

differences existed between the left and right ear when testing the perceived fit and 

comfort.  

6.3.3 Difference of gender on comfort and fit perception 

The means of left and right ears were used for further data analysis to generalise 

perceived fit and comfort characteristics. To examine the differences between males and 

females, a two-sample t-test was used. The t-test results are shown in Table 6-5. In 

general, a statistically significant gender difference existed only for prototype size 3 in 

the static condition. 
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Table 6-4. T-test results for the symmetry difference 

  Condition Mean differencea t df p 

Fit 

Size 1 
Static 0.000 0.000 29 1.000 

Dynamic -0.133 -1.000 29 0.326 

Size 2 
Static -0.333 -2.408 29 0.023 

Dynamic 0.033 0.197 29 0.845 

Size 3 
Static -0.067 -0.465 29 0.645 

Dynamic -0.1 -0.769 29 0.448 

Size 4 
Static -0.167 -0.776 29 0.444 

Dynamic -0.067 -0.441 29 0.662 

Size 5 
Static -0.033 -0.183 29 0.856 

Dynamic -0.233 -0.925 29 0.363 

Size 6 
Static -0.033 -0.171 29 0.865 

Dynamic 0.167 0.895 29 0.378 

Comfort 

Size 1 
Static -0.233 -1.000 29 0.326 

Dynamic -0.067 -0.328 29 0.745 

Size 2 
Static -0.267 -1.278 29 0.211 

Dynamic -0.200 -0.797 29 0.432 

Size 3 
Static 0.400 1.398 29 0.173 

Dynamic 0.300 0.964 29 0.343 

Size 4 
Static -0.167 -0.482 29 0.634 

Dynamic -0.267 -0.891 29 0.380 

Size 5 
Static -0.167 -0.445 29 0.660 

Dynamic -0.167 -0.507 29 0.616 

Size 6 
Static -0.167 -0.536 29 0.596 

Dynamic -0.200 -0.633 29 0.532 

Mean difference a = mean of the left ear – mean of the right ear 
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Table 6-5. T-test results for the gender difference 

  Condition Mean differenceb t df p 

Fit 

Size 1 
Static 0.067 0.302 28 0.765 

Dynamic 0.000 0.000 28 1.000 

Size 2 
Static 0.467 1.926 28 0.064 

Dynamic 0.033 0.112 28 0.912 

Size 3 
Static 0.600 2.898 28 0.007 

Dynamic 0.433 2.319 28 0.028 

Size 4 
Static -0.100 -0.642 28 0.526 

Dynamic -0.200 -1.177 28 0.249 

Size 5 
Static 0.233 1.037 28 0.309 

Dynamic 0.100 0.399 28 0.693 

Size 6 
Static 0.033 0.134 28 0.895 

Dynamic 0.033 0.126 28 0.901 

Comfort 

Size 1 
Static -0.233 -0.382 28 0.705 

Dynamic -0.667 -1.044 28 0.305 

Size 2 
Static 0.667 1.262 28 0.217 

Dynamic -0.333 -0.613 28 0.545 

Size 3 
Static 0.533 1.639 28 0.112 

Dynamic 0.633 1.514 28 0.141 

Size 4 
Static -0.167 -0.446 28 0.659 

Dynamic 0.067 0.192 28 0.849 

Size 5 
Static -0.233 -0.487 28 0.630 

Dynamic -0.033 -0.063 28 0.950 

Size 6 
Static -0.233 -0.511 28 0.614 

Dynamic -0.067 -0.130 28 0.897 

Mean difference b =mean of males – mean of females 
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6.3.4 Associations between concha size and perception scores 

Pearson’s correlation was conducted to explore the associations between perception 

scores and concha sizes. To avoid the influences of using condition and prototype size, 

correlations were calculated for the same condition and prototype size. Two concha 

dimensions were chosen: concha width and concha length. Table 6-6 shows the 

correlation coefficients. For all situations, concha width had no significant relationship 

with fit and comfort scores. Fit score for size 3 in dynamic condition, comfort score for 

size 2 in static condition, and comfort score for size 5 in dynamic condition all had only 

weak correlations. In other situations, no significant relationships were found between 

the concha length and perception scores.  
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Table 6-6. Correlation between concha size and perception scores 

   Concha width Concha length 

   Correlation p Correlation p 

Fit 

Static 

Size 1 -0.021 0.912 -0.091 0.632 

Size 2 0.038 0.840 0.078 0.682 

Size 3 -0.052 0.786 0.089 0.641 

Size 4 -0.045 0.815 -0.202 0.284 

Size 5 0.099 0.603 -0.018 0.926 

Size 6 0.312 0.093 0.011 0.953 

Dynamic 

Size 1 0.006 0.976 -0.293 0.117 

Size 2 -0.050 0.794 0.339 0.066 

Size 3 -0.236 0.209 0.400* 0.028 

Size 4 -0.040 0.835 -0.233 0.215 

Size 5 -0.012 0.951 -0.275 0.142 

Size 6 0.245 0.192 0.041 0.832 

Comfort 

Static 

Size 1 -0.071 0.709 0.121 0.523 

Size 2 -0.016 0.935 0.406* 0.026 

Size 3 0.118 0.534 0.183 0.332 

Size 4 0.088 0.644 0.051 0.787 

Size 5 -0.130 0.493 0.306 0.100 

Size 6 -0.349 0.059 -0.010 0.956 

Dynamic 

Size 1 -0.023 0.904 -0.047 0.804 

Size 2 -0.186 0.324 0.160 0.398 

Size 3 -0.205 0.277 0.169 0.373 

Size 4 0.010 0.960 0.170 0.37 

Size 5 -0.189 0.318 0.465* 0.010 

Size 6 -0.345 0.061 0.037 0.848 

*. p<0.05 
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6.3.5 Influences of using condition on fit and comfort perception 

Two-way ANOVA was applied to examine the fit and comfort scores in different 

conditions, including the static and dynamic conditions. As shown in Table 6-7, the 

condition factor had main effects on both fit and comfort scores.  

Table 6-7. ANOVA results for condition’s influences 

 df F p 

Fit 

Comfort 

1 34.04 0.000 

1 6.392 0.017 

A paired-samples t-test was conducted for both fit and comfort scores between the static 

and dynamic conditions for the same prototype size. Table 6-8 summarise the findings. 

Fit scores under dynamic conditions were lower than fit scores under static conditions 

for the same prototype size. However, statistically significant differences only existed 

for prototype sizes 1, 3, 4 and 6. In terms of comfort perception, prototype sizes 1, 2 

and 3 scored higher in static conditions. In comparison, the comfort scores in dynamic 

conditions were higher for prototype size 4, size 5 and size 6. 
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Table 6-8. Paired samples t-test results for condition’s influences 

  Mean difference  t df p 

Fit 

Size 1 (Static-Dynamic) 0.3333 4.817 29 0.000* 

Size 2 (Static-Dynamic) 0.2167 1.472 29 0.152 

Size 3 (Static-Dynamic) 0.4167 5.000 29 0.000* 

Size 4 (Static-Dynamic) 0.3167 3.357 29 0.002* 

Size 5 (Static-Dynamic) 0.100 1.030 29 0.312 

Size 6 (Static-Dynamic) 0.2667 3.764 29 0.001* 

Comfort 

Size 1 (Static-Dynamic) 0.750 4.962 29 0.000* 

Size 2 (Static-Dynamic) 0.7333 4.212 29 0.000* 

Size 3 (Static-Dynamic) 0.450 3.407 29 0.002* 

Size 4 (Static-Dynamic) -0.083 -0.694 29 0.493 

Size 5 (Static-Dynamic) -0.233 -1.584 29 0.124 

Size 6 (Static-Dynamic) -0.550 -3.612 29 0.001* 

*. p<0.05 

6.3.6 Influences of prototype size on fit and comfort perception 

Two-way ANOVA was conducted to investigate the effects of prototype size on the fit 

and comfort perception. As shown in Table 6-9, prototype size had the main effects on 

fit and comfort scores with statistical significance.  

Table 6-9. ANOVA results for prototype size’s influences 

 df F p 

Fit 

Comfort 

5 355.06 0.000 

5 21.55 0.000 
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To avoid the influences of the condition factor, the differences between the prototype 

sizes were analysed for static and dynamic conditions separately. A t-test was used to 

compare fit and comfort scores between sizes. The results in Table 6-10 showed that the 

fit scores were statistically significant as they progressed from size 1 to size 6, in that 

order. The comfort scores increased significantly from size 1 to size 2, and then again 

from size 2 to size 3, while they decreased significantly from size 4 to size 5, and then 

again from size 5 to size 6. No significant differences were found between size 3 and 

size 4 for both static and dynamic conditions. 
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Table 6-10. Paired samples t-test results for prototype size’s influences 

  Mean difference  t df p 

Fit 

Static (Size 2-Size 1) 0.667 -6.325 29 0.000* 

Static (Size 3-Size 2) 1.033 -10.17 29 0.000* 

Static (Size 4-Size 3) 1.150 -9.761 29 0.000* 

Static (Size 5-Size 4) 0.867 -7.240 29 0.000* 

Static (Size 6-Size 5) 0.667 -4.891 29 0.000* 

Dynamic (Size 2-Size 1) 0.783 -5.323 29 0.000* 

Dynamic (Size 3-Size 2) 0.833 -5.689 29 0.000* 

Dynamic (Size 4-Size 3) 1.250 -10.08 29 0.000* 

Dynamic (Size 5-Size 4) 1.083 -7.138 29 0.000* 

Dynamic (Size 6-Size 5) 0.500 -3.942 29 0.000* 

Comfort 

Static (Size 2-Size 1) 0.650 -2.560 29 0.016* 

Static (Size 3-Size 2) 1.067 -3.819 29 0.001* 

Static (Size 4-Size 3) -0.083 0.334 29 0.741 

Static (Size 5-Size 4) -1.900 7.253 29 0.000* 

Static (Size 6-Size 5) -0.967 3.955 29 0.000* 

Dynamic (Size 2-Size 1) 0.667 -2.848 29 0.008* 

Dynamic (Size 3-Size 2) 1.350 -4.690 29 0.000* 

Dynamic (Size 4-Size 3) 0.450 -1.779 29 0.086 

Dynamic (Size 5-Size 4) -1.750 6.384 29 0.000* 

Dynamic (Size 6-Size 5) -0.650 2.683 29 0.012* 

*. p<0.05 
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6.3.7 Mathematical simulations for condition and prototype size 

The descriptive statistics were conducted to picture the general trends of the fit and 

comfort scores. Figure 6-9 depicts the distribution of perception scores based on various 

factors such as condition and prototype size. The quantifiable relationships between the 

variables were established using mathematical trendlines based on the curves of the 

score means.  

 

Figure 6-9. Descriptive information of the fit and comfort scores 

In the same condition, the means of fit scores kept growing along with the size increase. 

Linear regression was used to define the relationships. Assuming that the prototype size 

can be scaled equally, the x-axis in the experiment was defined as the number of sizes. 

As drawn in Figure 6-10, the trendlines were determined: 

for the static condition, y = 0.9204, − 3.302                       (c) 

for the dynamic condition, y = 0.9429, − 3.6556                   (d) 
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Figure 6-10. Linear trendlines for the fit scores 

As for the comfort scores, the changes of means were relatively complicated, which 

cannot be pretended with a linear relationship. Figure 6-11 presents the trendlines of 

comfort scores with polynomials. The functions were simulated as follows: 

for the static condition,  

8 = 0.0899,$ − 1.2532,% + 5.5846,! − 8.7402, + 8.0458          (e) 

for the dynamic condition, 

8 = 0.1017,$ − 1.4414,% + 6.6262,! − 10.752, + 8.4497          (f) 
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Figure 6-11. Polynomial trendlines for the comfort scores 

6.3.8 Repeatability 

The repeatability of the collected data was investigated with 24 participants. The ICC 

for comfort and fit scores were 0.756 and 0.814 respectively. The ICC values showed 

good repeatability of the collected dataset in the experiment (McGraw & Wong, 1996). 

6.4 Discussion 

Ear symmetry and gender were found to have no significant correlation with fit and 

comfort perception in the experiment. The correlations between the concha sizes and 

perception scores were either relatively weak or insignificant. In the previous study 

(Chiu et al., 2014), comfort perception was not found to be significantly related to 

gender or ear shape. When designing ear-related products, the two dimensions were also 

crucial. However, relevant studies were severely limited in their ability to provide a 

comprehensive picture of the perceived fit and comfort of ear-related products. In the 

section, only using condition and prototype size were further discussed from the product 
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design perspective. Generally, the comfort and fit scores distribution revealed that the 

perception scores varied upon different individuals. For the comfort perception, users 

typically have higher scores on size 3 and size 4. Meanwhile, some participants reported 

a high level of comfort in small sizes (sizes 1 and 2), while others reported a high level 

of comfort in large sizes (size 5 and size 6). Fit perception was relatively consistent 

across sizes. Users’ perceptions shifted from loose to tight as the prototype size 

increased, and the best fit was determined to be between size 3 and size 4. 

When comparing the using conditions, fit scores in static conditions were higher than 

the dynamic conditions, which indicated that users had a tighter perception in the static 

conditions. In terms of comfort perception, scores in static conditions were higher for 

sizes 1, 2, and 3, and lower for sizes 4, 5 and 6. As a result, users perceived greater 

comfort in the static condition for a smaller size and greater comfort in the dynamic 

condition for a larger size. The findings suggested that when designing an ear-related 

product, scenarios should be considered. For example, larger product sizes should be 

adopted when the product was designed to use during strenuous exercise. 

When analysing the prototype size, the results showed that the perceived fit became 

tighter and tighter from size 1 to size 6 one by one, and the size 3 and size 4 were mainly 

preferred for both static and dynamic conditions. After considering the prototype size 

(n) to be a continuous variable, the trendlines can be used to estimate sizes with perfect 

fit and satisfactory comfort. Sizes 3.59 and 3.88, based on function (c) and function (d), 

can provide a fit score of 0 for the two conditions. After calculating the scaling 
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proportion between the prototype size and the original size, +0.295 mm and +0.44 mm 

scaling from the original size can achieve a perfect fit for static and dynamic conditions, 

respectively. The level of fit perception can be estimated once the size was determined 

through the trendlines. If slightly loose and tight was considered acceptable, the fit score 

should be from −1 to 1. Based on the assumption, the size allowances were calculated 

from −0.25mm to +0.84mm for the static condition and from −0.09mm to +0.97mm for 

the dynamic condition.  

Based on the definition, the product size may not cause any discomfort based on the 

overall satisfaction when the comfort score is above 4. Size allowances can be predicted 

from function (e) and function (f), assuming a comfort score of 4 was considered 

satisfactory (f). The size ranges for the two conditions were determined to be 1.29 to 

4.97 and 1.93 to 5.25. As a result, the size allowances for satisfactory comfort ranged 

from −0.86mm to +0.99mm in the static condition and −0.54mm to +1.13mm in the 

dynamic condition. With the method, other levels of fit and comfort can be estimated 

with the above trendlines.  

6.5 Summary of the chapter 

This chapter investigated the influences of different factors on comfort and fit 

perception. Gender, symmetry, concha size, using condition and product size were 

among the factors considered. The most important factors influencing users’ perceptions 

of comfort and fit were product condition and size. When changing the product size for 

the static and dynamic conditions separately, mathematical trendlines were calculated. 
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Even though the experiment was conducted for ITE hearing aids only, the findings from 

the chapter provided suggestions for other related product designs, such as different 

types of earphones. The methods can be applied to other products for a more complete 

generation. In Chapter 7, the trendlines were also used to estimate the level of comfort 

and fit for specific product sizes.  
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CHAPTER 7. DEVELOPMENT OF A SIZING SYSTEM 

WITH VALIDATION 

7.1 Introduction 

Traditionally, a sizing system was generated with several main dimensions based on the 

requirement of the designers (Lacko et al., 2017). For example, a product in three sizes 

was usually determined with the 5th, 50th, and 95th percentile values of a specific 

dimension in the population. With the research trend of 3D scanning applications in 

anthropometry, the sizing method needs to be addressed for the 3D anthropometry.  

Multivariate statistics were applied to investigate the 3D anthropometric data for 

ergonomic propose (Lacko et al., 2017; Y. Luximon et al., 2012a; Olds et al., 2013). 

Loker et al. (2005) used cluster analysis to investigate the scanned body models and 

recommended sizes for apparel design. Zheng et al. (2007) used PCA and K-means 

cluster analysis to classify the breasts and develop a sizing system for bra design. 

Luximon et al. (2012a) proposed a sizing and grading method for shoe design based on 

PCA analysis of anthropometric data. Skals et al. (2016) used 3D anthropometric data 

to evaluate the fit standard and new liner for helmet design. However, these previous 

sizing studies directly use the related anthropometric data as the design dimensions for 

products. In contrast, very few studies have collaborated the 3D anthropometry with 

user perception on comfort and fit. 

The chapter proposed to develop a sizing system considering both 3D anthropometry 

and user perception for ear-related product design, based on the findings from chapter 
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5 and chapter 6. 3D anthropometry can help with product design by providing physical 

fit. The findings on fit and comfort perception can be used in ergonomic design to meet 

the subjective needs of human users on fit and comfort. A validation experiment with 

full-shell ITE prototypes was designed to evaluate the generated sizing system. The 

sizing method can be considered a design tool using computer-aided techniques to 

improve existing products and design innovative products.  

7.2 Development of the ear sizing system 

When designing specific ear-related products, different ear regions need to be 

considered from an ergonomic perspective. Concha dimensions, for example, were used 

in earphone design, and the curvature of the ear root was one of the important design 

references when designing holding ear-band products (Lee et al., 2016). Because of 

morphological differences between different regions of the external ear, sizing 

information should not be the same for different product appearances. Besides, Chapter 

6 showed that users’ preferences were different when the using conditions changed from 

static to dynamic. The specific sizes varied depending on the product and the application 

scenario, taking into account the influences of the aforementioned factors. As a result, 

to accommodate the various designs, a sizing system with a solid framework was 

proposed. Figure 7-1 depicts the framework of the sizing system. 
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Figure 7-1. The framework of the sizing system 

The sizing system was established with two stages. The first stage is to define the design 

range from 3D anthropometry. A dataset of 3D ear models was acquired with the 

methods in Chapter 5. Each ear model in the dataset was parameterised with 21 feature 

points based on the ear template, as described in Chapter 5. The region of interest was 

identified on the template model for the specific design. Each point cloud in the dataset 

was used to extract the points in the designated area. A set of statistical models were 

generated using PCA analysis, as presented in Chapter 5. For the selected principal 

components, size variances between the 5th and 95th percentile were considered the 

design range for the product. In the second stage, sizes were optimised with fit 
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evaluation. The preliminary sizes were calculated by taking the 5th, 50th and 95th 

percentile values of one chosen dimension for a three-size product. The sizes were 

revised based on the fit and comfort perceptions, as well as the estimation findings in 

Chapter 6. Fit evaluation, physical testing on user perception, or digitally mapping the 

fit error can be used to evaluate and optimise the initial sizes. 

This chapter applied the sizing system to design a full-shell ITE product with a 

validation test. Due to the variation of ear concha, the full-shell ITE products were 

normally customised-designed for individuals. If the framework allows the product to 

provide proper comfort and fit, the sizing method can be considered relatively 

significant for other products. The full-shell ITE product is designed to fit both the 

cymba concha and the cavum concha. The concha region was extracted from the 

parameterised models using the framework. As representative models for the related 

design range, a set of statistical models were generated using PCA. The statistical 

models were determined by PC1, PC2 and PC3 within the 5th to 95th percentile using 

the analysis method in Chapter 5.  

In the second stage, the average distance between the product and ear model between -

0.7mm to +1.06mm was considered a satisfactory comfort level from Chapter 6. 

Accordingly, a size interval of 1mm was set to determine the initial sizes of the product. 

The average model was scaled to -2mm, -1mm, 0, +1mm, and +2mm with the scaling 

method described in Chapter 6. Through fit evaluation, the sizing and grading system 

can be optimised. One method for evaluating fit was to use computer-aided design 
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simulation. Another method for assessing subjective fit and comfort perception was the 

prototype test. The finalised product sizes can be validated using the same fit evaluation 

methods as before. Figure 7-2 depicts the progression.  

 

Figure 7-2. Application of the sizing system in full-shell ITC product design 

7.3 Fit evaluation with CAD simulation 

The physical fit between the product and the human ear can be simulated with CAD 

techniques. In the section, the proposed five sizes for the full-shell product were 

examined to fit the ear region. The statistical ear models within the 5th to 95th percentile 

of the three principal components were selected to represent the ear variance.  
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Based on the fit situation, regions of interest were defined to prepare the models for 

digital evaluation. According to Chapter 5, the region related to full-shell ITE product 

was the ear concha and canal entrance. On the prototype model, the contacting area was 

included, but the other part for closing the surface was removed. In Meshlab software, 

the prototype and ear models were aligned with the ICP algorithm. The five prototypes 

were used to fit the eight representative ear models digitally. The progress of data 

preparation is shown in Figure 7-3.  

 
(a) Cleaned prototype models in five sizes; 

 
(b) Model alignment result: examples of alignment between Size 3 prototype and 

selected statistical ear models 

Figure 7-3. Data preparation for fit evaluation  

The results showed that size 2, size 3, and size 4 could best fit the representative ear 

models compared to size 1 and size 5. As a result, when selecting proper sizes for the 

full-shell ITE products, size 1 and size 5 were excluded. As a result, the initial sizes 

were improved to become these three sizes (sizes 2, 3, and 4) as the finalised sizes for 



  

 103 

the full-shell ITE product.  

A Matlab programme computed the distances between the prototype and the ear region, 

and the mean values were further compared with the acceptable range suggested in 

Chapter 6. Assume that the point amount of cleaned prototype model was n. Each point 

P1i (x1i, y1i, z1i) on the prototype model responded to the closest point P2i (x2i, y2i, z2i) on 

the ear model, where i =1, 2, …, n. The distance between p1i and p2i was defined as the 

absolute value of fit error |B"|:  

|B"| = C(,&" − ,!")! + (8&" − 8!")! + (9&" − 9!")!																																														(D)  

where i = 1, 2, …, n. 

The direction of the fit error was selected based on the fit situation of tight and loose. 

The normal vector of the point P1i was !'EEE⃗ . Accordingly, the direction of the fit error 

was determined by the angle αi between !'EEE⃗  and G&'G!'EEEEEEEEEEE⃗ , shown as follows: 

If αi <90 degrees, then B" 	= |B"|; 

If αi ≥90 degrees, then B" 	= −|B"|. 

For each ear model, the best fit prototype was selected by comparing the mean error 

values. Figure 7-4 presents the error distribution and cumulative percentage of the 

absolute error values for each prototype.  
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Figure 7-4. Fitting errors between the statistical ears and the prototypes  

The eight statistical ear models were used to represent the human variability for the 

concha size and shape. For all the models, the mean distances varied from −0.23mm to 

+0.36mm, and the mean absolute distances were less than 0.64mm. Based on the 

findings in Chapter 6, the mean distances can be used to predict the level of comfort by 

taking cartilage and soft tissue characteristics into account. The mean distances 

suggested that the finalised sizes could achieve an acceptable level of comfort for the 

statistical ear models within the size allowances. 
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7.4 Fit evaluation with a prototype test 

As another validation for the sizing method, a prototype test was conducted to evaluate 

perceived fit with a controlled experiment. Regardless of the product function, the size 

and weight of ear-related products are critical parameters for product design and 

manufacturing. The weight variable should be controlled during the experiment design 

when evaluating the various sizes. In this section, a 3 size *3 weight *2 condition 

factorial experiment was designed for the prototype test.  

7.4.1 Participants 

Twelve Chinese adults (6 males and 6 females) aged between 20 to 40 years participated 

in the experiment. Individuals with soft tissue and bone problems were not included in 

the study.  

7.4.2 Experiment procedure 

After the error analysis with digital fit evaluation, the three sizes of a full-shell ITE 

product were finalised for validation. During the experiment preparation, three sizes 

(small, medium, and large) were determined as the proposed sizing interval. Extra 

loadings were used to control three weights (light, medium, and heavy) for each size. 

As shown in Figure 7-5, nine prototypes were 3D printed with SLA for the experiment.  
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Figure 7-5. Nine prototypes for fit evaluation 

After filling the consent form (Appendix II), the demographic information, including 

age, gender, body weight and body height, was recorded for the participants. Five 

dimensions, including ear length, ear width, concha length, concha width and concha 

depth, were measured with a calliper.  

To test the prototypes, each participant was asked to wear the prototype with medium 

size and weight, as a preliminary test to perceive the material and shape of the prototype. 

The nine prototypes were tested at random using a 7-point Likert scale questionnaire, 

which recorded subjective scores on comfort, fit and weight perception. The 

questionnaire was identical to the one used in Chapter 6, which is attached as Appendix 

III. The researcher recorded the tested parameters for each test and kept them hidden 

from the participants. Each prototype was tested under two conditions, static and 
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dynamic conditions, as described in Chapter 6. Each treatment was conducted for three 

minutes, and a one-minute break was taken between each treatment. In static and 

dynamic conditions, most participants could only wear two sizes, while one size was 

usually too loose or too tight to experiment. The participant’s treatments were ruled out 

in two scenarios: (1) the small prototype fell out of the ear, and (2) the large prototype 

could not be worn inside the ear concha. Figure 7-6 depicts the progress of the 

experiment.  

 

Figure 7-6. Experiment progress for fit evaluation: examples of three settings 

7.4.3 Data analysis 

Before the data analysis, the scores on fit and comfort perception were recoded into 

quantitative data, the same as the coding method in Chapter 6. The comfort variable was 

scored from 1 to 7, where 7 represented the highest level of comfort. The fit variable 

was scored from −3 to 3 because loose or tight perception was deemed unfit for the 

human body. The weight perception ranged from extremely light to extremely heavy, 

with a score ranging from −3 to 3, with a score of 0 representing uncertainty about the 
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weight perception.  

Statistical analysis was used to analyse the subjective scores with SPSS software. 

Specifically, descriptive statistics provided a general view of the users’ preferences 

about the product parameters. Two-way ANOVA was conducted to examine the 

independent factors, including prototype size and weight.  

7.4.4 Results 

All the participants can select one prototype in the experiment to achieve a proper fit 

and comfort as their individual requirements. As shown in Figure 7-7, most users 

preferred the medium or large size with the light or medium weight.  

 

(a) preferred size                   (b) preferred weight  

Figure 7-7. Percentage of preferred size and weight 

Two-way ANOVA results revealed the effects of product size and weight on user 

perception, as shown in Table 7-1. The size factor had a significant impact on the scores 

of comfort, fit and weight perception, whereas the weight factor only had a significant 

impact on the comfort score. Table 7-2 displays the specific perception differences.  
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Table 7-1. Two-way ANOVA results for size and weight 

 Size factor Weight factor 

 Sig Partial Eta Squared Sig Partial Eta Squared 

Comfort score 0.002* 0.079 0.029* 0.045 

Fit score 0.000* 0.543 0.338 0.014 

Weight perception score 0.000* 0.213 0.094 0.030 

*. p<0.05 

Table 7-2. Perception differences affected by size and weight 

Factor Scores Factor level Mean Sig1 

size 

Comfort score 

Small 3.855  

Medium 4.972 0.001* 

Large 4.443 0.156 

Fit score 

Small -1.774  

Medium -0.889 0.000* 

Large 0.585 0.000* 

Weight perception 

score 

Small -1.471  

Medium -0.819 0.000* 

Large 0.130 0.000* 

weight 

Comfort score 

Light  4.519  

Medium 4.787 1.000 

Heavy 3.964 0.027* 

Fit score 

Light -0.554  

Medium -0.787 0.490 

Heavy -0.736 1.000 

Weight perception 

score 

Light -0.974  

Medium -0.736 0.928 

Heavy -0.451 0.737 
1. The p-value examining the score difference between the row and the previous row 

*. p<0.05 
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7.5 Discussion 

3D anthropometry can provide information on morphological variation of the human 

body, which is valuable for product design. Researchers have summarised the general 

design process (Verwulgen et al., 2018) and potential analysis methods (Lacko et al., 

2017; Niu et al., 2007). With the design principle for collective fit (Verwulgen et al., 

2018), a sizing method was proposed based on 3D anthropometry with product fit 

evaluation. Sizing and grading methods for designing specific products, such as bra 

(Zheng et al., 2007) and mask (Chu et al., 2015) have been proposed. Unlike previous 

research, the framework can be used to design a variety of products using a single 

database of 3D models. Anthropometric data can be extracted from the database after 

determining the region of interest. Statistical models were accordingly generated as the 

design range, using a similar analysis technique for mask design (Chu et al., 2015). The 

fit evaluation was carried out to investigate the fit issues of the selected sizes using 

digital fit or prototype testing. Using the method, product shapes and sizes for various 

ear-related products, such as full-shell ITE products, half-shell ITE products, ITC 

products and other newly designed products, can be determined based on the database. 

This framework shows the process of determining product size based on 3D 

anthropometry, which also works for other databases of different body parts and 

populations. 

Fit mapping is an essential procedure in the design process, especially for a newly 

designed product (Pheasant, 2003a). Virtual fit analysis was used to examine the fit 

situation between the human body and the ear-tip product (Lee et al., 2016b). Based on 
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the virtual try-on process, the geometric similarity was evaluated between the space 

between the mask edge and its projected boundary on the digital face surface (Chu et 

al., 2015). In the chapter, the distance between the product surface and the 

corresponding ear region was calculated to evaluate the fit mapping. Previous research 

established the design range as the 5th and 95th percentiles of selected ear dimensions 

(Lacko et al., 2017). Similarly, in this study, the statistical models at the 5th and 95th 

percentiles of computed principal components were used as the design range. The fit 

scenario was simulated by minimising the space between the product and the skin region 

(Chu et al., 2015). This chapter used ICP to minimise the distance between the ITE 

product and the ear region. When wearing specific ear-related products, the ear region 

usually deforms due to cartilage and soft tissue characteristics. The fit errors were 

computed and compared with the acceptable allowances in Chapter 6. The mean errors 

ranged from −0.23 mm to 0.36 mm, and the mean absolute errors ranged from 0.35 mm 

to 0.64 mm, which were generally regarded as acceptable for comfort and fit perception. 

With digital fit evaluation, the smallest (−2mm) and largest (+2mm) sizes cannot 

perform better fit than the other three sizes. For full-shell ITE product design, these two 

sizes were excluded when deciding the product size. Like the situation in the study, 

digital fit evaluation can be applied to examine and improve the initial product size. The 

method can also be used to efficiently compare different product shapes at an early 

design stage. When designing a new product appearance, for example, different product 

shapes can be compared by digitally fitting with the region of interest to achieve a proper 

fit. 
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User perception of fit and comfort was investigated with a prototype test to validate the 

proposed sizing method. According to the study, three sizes and weights under 5g can 

achieve proper comfort and fit based on individual requirements. Based on the comfort 

and fit scores, the specific influences of size and weight parameters were investigated. 

The medium size was perceived as more comfortable than the small size, while no 

significant difference was found between the medium and large sizes. Even though the 

difference of fit perception was significant between medium and large sizes, the 

absolute values were between 0 and 1, which meant slight unfit (loose or tight). A 

significant difference of absolute fit score existed between small and medium size, 

which indicated that the small size provided worse fit than the medium size. The 

findings were consistent with the results of the digital fit evaluation, which revealed that 

the majority of the statistical models could fit with medium and large sizes. Only the 

difference in comfort between different product weights was tested. The heavy weight 

(7g) resulted in the lowest comfort perception, whereas the light (3g) and medium (5g) 

weights resulted in acceptable comfort perception. When it came to weight perception, 

the size factor influenced users’ scores but was not significantly influenced by the 

weight factor. The findings revealed that the product size was one of the most crucial 

parameters for product design regarding user perception.  

7.6 Summary of the chapter 

This chapter proposed a sizing method to generate product sizes based on a database of 

3D anthropometry. The framework of the sizing method can be adopted for various 

product designs. The sizing method was used to determine the sizes for a full-shell ITE 
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product, which was then validated using different fit evaluation methods. In this study, 

the statistical ear models generated in Chapter 5 were used as the design range. Fit 

evaluation was carried out using both CAD simulation and prototype testing. To fit the 

product with the ear region, CAD simulation was used. The fit errors were used to 

estimate the comfort and fit level based on the findings from Chapter 6. User perception 

was investigated with a prototype test. Different sizes were 3D printed and tested with 

a controlled experiment. The results revealed that the selected sizes could provide 

proper comfort and fit for the participants.  
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CHAPTER 8. CONCLUSION AND FUTURE WORK 

This chapter discussed and concluded the findings of the individual studies to solve the 

research questions proposed in Chapter 1. It then outlined the research’s contributions 

and discussed them concerning the research gaps identified in Chapter 2. Finally, the 

thesis’ limitations were addressed and discussed to propose future work. 

8.1 Discussion and conclusion 

8.1.1 Size variance of the external ear for ergonomic application 

As a widely used method in anthropometric studies, traditional measurement provided 

a general view of ear variance in Study 1 (Chapter 4). The first research question was 

answered by presenting the morphological characteristics of the external ear based on 

symmetry, gender, and age variables (RQ1, Chapter 1). Strong correlations were found 

between the left and right ear for all measured dimensions. Males had larger ear sizes 

than females for the measured dimensions. Generally, overall sizes (ear length and ear 

width), earlobe width, concha length, and concha width were found to grow from the 

young group (18–29 years) to the middle group (30–49 years), and keep stable without 

significant differences from the middle group to the old group (50–70 years). Earlobe 

length kept growing between the three age groups. Hence, when recruiting participants 

for the further 3D anthropometric study, different age groups including both males and 

females should be involved in investigating different ear regions. 

These statistical findings in Study 1 were useful for both direct product design and 
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future research on 3D anthropometry. These dimensions can be compared to other 

populations and used to direct product design based on the dimensions chosen. The 

minimum sample size for 3D anthropometry can be calculated based on the variances 

in ear dimensions. Additionally, the symmetry, gender and age differences were used to 

define the participant criteria for further study. 

8.1.2 Size and shape of the external ear based on 3D anthropometry for design use 

Different from other body parts, 3D anthropometry for the external ear has faced 

difficulties due to the complex ear morphology and technical limitations of 3D scanning. 

In Study 2, a solid research method, including data collection, processing and analysis, 

was proposed during the exploration stage of 3D ear anthropometry (Chapter 5). The 

3D models of the external ear were created using a combination of 3D scanned ear and 

ear impression moulds, and they were further parameterised with 31 landmarks. PCA 

was conducted on the point clouds, and the three most important factors were identified 

to demonstrate the ear variance. As a result, a set of 3D statistical models representing 

the size and shape of the external ear were created, answering the second research 

question (RQ2, Chapter 1). Furthermore, more ear dimensions can be extracted from 

the parameterised ear models dataset as key anthropometric references for designing 

specific products. Comparisons between extracted dimensions and traditional data 

showed that the data collection method in the study was acceptable from the 

anthropometric perspective. 

8.1.3 Linkage between human perception and product size for ear-related product 
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Except for anthropometry, the fit issue is another essential part of ergonomic design 

(Salvendy, 2012). Study 3 (Chapter 6) investigated comfort and fit perception under 

different factors based on user experience. The influences of these factors answered the 

third research question (RQ3, Chapter 1). According to the findings, ear symmetry, 

gender and concha size were either weakly or insignificantly related to comfort and fit 

perception. Conditions were used to influence the perception of users. The smaller size 

was more comfortable in the static condition, while the larger size was more comfortable 

in the dynamic condition. Users perceived tighter in the static condition than the 

dynamic condition for the same product size. The results showed that the determination 

of product size should consider the using scenario for a specific design. When product 

sizes were examined, the original model and the fatten model with 0.5mm ear mean size 

received the highest scores for comfort and fit. Furthermore, because product size can 

be assumed to be a continuous variable, the relationship between product size and 

human perception can be quantitatively estimated. Trendlines of user scores on comfort 

and fit were simulated for the static and dynamic conditions separately. The results can 

be used to estimate the level of users’ perception based on the parameter of product sizes. 

8.1.4 Product sizing based on 3D anthropometry to achieve a proper comfort and fit 

With the 3D ear anthropometry in Study 2 and the investigation of human perception in 

Study 3, Study 4 was conducted to collaborate these findings and address the application 

in product design. A framework was proposed to develop a sizing system based on 3D 

anthropometry and user perception, which answered the fourth research question (RQ4, 

Chapter 1). The statistical models were generated as the design range based on the 
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parameterised ear model. The thesis presented different methods for evaluating fit. To 

examine the fit between product size and design range, digital fit mapping was used. 

Based on the user perception findings, the level of comfort and fit was estimated. Based 

on the framework, an ear sizing system was established for an ITE product and validated 

with digital fit mapping and a prototype test. 

8.2 Contribution 

The findings in the research showed the important applications in ergonomic design and 

contributed to filling the research gaps proposed in Chapter 2.  

Firstly, the thesis advanced the knowledge of ear morphology from the design 

perspective: 

• Investigation on ear dimensions showed the size differences upon factors, including 

gender, age, and symmetry. The findings showed a general view of the ear size and 

shape with specific dimensions, which can be used for designing specific products.  

• A dataset of parameterised models was created using an efficient method for 

collecting 3D ear models. The dataset contained various ear regions from which 

designers and engineers can efficiently generalise complex anthropometric 

information for designing related products.  

• A set of statistical models was generated with PCA for the concha region. The 3D 

models provided the size and shape information virtually, as valuable references for 

direct design and digital fit mapping.  
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Second, the thesis contributed to the design practice regarding 3D anthropometry and 

human perception for universal ergonomic design: 

• The evaluation of demographic and product-related factors that influenced human 

perception can provide theoretical guidance for product design, particularly for 

concha-related products. The 3D anthropometry-based research method was also 

useful for future research on various products. 

• Statistical modelling of comfort and fit perception contributed to a quantitative 

relationship between human perception and product size, which can help to 

determine product size based on the expected level of comfort and fit. It can also 

be used to evaluate the comfort and fitness level for existing commercial products 

and address whether the products need to be improved. 

• The proposed sizing framework considering 3D anthropometry and human 

perception was design guidance from the ergonomic view. Physical and 

psychological fit issues were considered during the design process, particularly for 

concha-related products. With more product testing, the sizing method can be 

improved to provide more holistic guidelines for user-centred design. 

8.3 Limitations and future work 

Limitations of the study were addressed in the section, and future research was 

suggested based on the knowledge from the thesis.  

Participants in the study were Chinese adults aged 18 to 70 from the Hong Kong region. 
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The thesis proposed a solid method for establishing and applying the 3D ear database 

for product design. Using the same research methods, more data covering other 

geographic regions, such as North China, can be added to the database to enhance and 

validate the anthropometric findings for the Chinese population. Other new techniques, 

such as automated landmark detection using deep learning algorithms, can be developed 

to support 3D anthropometric study efficiently.  

The concha part, related to the ITE product, was investigated as a difficult target for 

generating sizes. Based on the results of an experiment with a full-shell ITE product, 

the relationship between product size and user perception was established. Using a 

similar method, different products to fit other ear regions can be investigated. In the 

future, other materials, such as elastic material, could be investigated. With further 

studies, more comprehensive findings can be generated to understand the user 

experience based on product shape and size.  

Furthermore, current head anthropometry does not include information about the 

external ear, particularly the concha, canal and posterior auricle regions. The study’s 3D 

ear models can be combined with the scanning head to create a complete head model 

for future product designs. The head models can be analysed for product design, medical 

application and personal identification.  
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APPENDIX I  Ethical approval for research involving 

human subjects 
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APPENDIX II  Consent form in Study 1, 2, 3 & 4 
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APPENDIX III  The questionnarie in Study 3 & 4 

Name:           Age:    Gender:    Height (cm):     Weight (kg):        
 

Notes for the participants:  
Comfort: The overall satisfaction of being free from pain or other physical sufferings.  
Fit: The perceived ability to wear the proper size and shape with neither loose nor tight.  
Static condition: Sit still when wearing the prototype, which simulates the condition during 
study or work in the office.  
Dynamic condition: Run + Jump + Rotate the neck up and down + Rotate the neck left and right 
+ other movements by the participant.  
 

1. Perception in static condition 

Comfort 
Extremely 

uncomfortable 
Uncomfortable 

Slightly 

uncomfortable 
Not sure 

Slightly 

comfortable 
Comfortable 

Extremely 

comfortable 

Fit 
Extremely 

loose 
Loose Slightly loose Perfectly fit Slightly tight Tight 

Extremely 

tight 

Perception in dynamic condition 

Comfort 
Extremely 

uncomfortable 
Uncomfortable 

Slightly 

uncomfortable 
Not sure 

Slightly 

comfortable 
Comfortable 

Extremely 

comfortable 

Fit 
Extremely 

loose 
Loose Slightly loose Perfectly fit Slightly tight Tight 

Extremely 

tight 
 

2. Perception in static condition 

Comfort 
Extremely 

uncomfortable 
Uncomfortable 

Slightly 

uncomfortable 
Not sure 

Slightly 

comfortable 
Comfortable 

Extremely 

comfortable 

Fit 
Extremely 

loose 
Loose Slightly loose Perfectly fit Slightly tight Tight 

Extremely 

tight 

Perception in dynamic condition 

Comfort 
Extremely 

uncomfortable 
Uncomfortable 

Slightly 

uncomfortable 
Not sure 

Slightly 

comfortable 
Comfortable 

Extremely 

comfortable 

Fit 
Extremely 

loose 
Loose Slightly loose Perfectly fit Slightly tight Tight 

Extremely 

tight 
 

3. Perception in static condition 

Comfort 
Extremely 

uncomfortable 
Uncomfortable 

Slightly 

uncomfortable 
Not sure 

Slightly 

comfortable 
Comfortable 

Extremely 

comfortable 

Fit 
Extremely 

loose 
Loose Slightly loose Perfectly fit Slightly tight Tight 

Extremely 

tight 

Perception in dynamic condition 

Comfort 
Extremely 

uncomfortable 
Uncomfortable 

Slightly 

uncomfortable 
Not sure 

Slightly 

comfortable 
Comfortable 

Extremely 

comfortable 

Fit 
Extremely 

loose 
Loose Slightly loose Perfectly fit Slightly tight Tight 

Extremely 

tight 
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4. Perception in static condition 

Comfort 
Extremely 

uncomfortable 
Uncomfortable 

Slightly 

uncomfortable 
Not sure 

Slightly 

comfortable 
Comfortable 

Extremely 

comfortable 

Fit 
Extremely 

loose 
Loose Slightly loose Perfectly fit Slightly tight Tight 

Extremely 

tight 

Perception in dynamic condition 

Comfort 
Extremely 

uncomfortable 
Uncomfortable 

Slightly 

uncomfortable 
Not sure 

Slightly 

comfortable 
Comfortable 

Extremely 

comfortable 

Fit 
Extremely 

loose 
Loose Slightly loose Perfectly fit Slightly tight Tight 

Extremely 

tight 
 

5. Perception in static condition 

Comfort 
Extremely 

uncomfortable 
Uncomfortable 

Slightly 

uncomfortable 
Not sure 

Slightly 

comfortable 
Comfortable 

Extremely 

comfortable 

Fit 
Extremely 

loose 
Loose Slightly loose Perfectly fit Slightly tight Tight 

Extremely 

tight 

Perception in dynamic condition 

Comfort 
Extremely 

uncomfortable 
Uncomfortable 

Slightly 

uncomfortable 
Not sure 

Slightly 

comfortable 
Comfortable 

Extremely 

comfortable 

Fit 
Extremely 

loose 
Loose Slightly loose Perfectly fit Slightly tight Tight 

Extremely 

tight 
 

6. Perception in static condition 

Comfort 
Extremely 

uncomfortable 
Uncomfortable 

Slightly 

uncomfortable 
Not sure 

Slightly 

comfortable 
Comfortable 

Extremely 

comfortable 

Fit 
Extremely 

loose 
Loose Slightly loose Perfectly fit Slightly tight Tight 

Extremely 

tight 

Perception in dynamic condition 

Comfort 
Extremely 

uncomfortable 
Uncomfortable 

Slightly 

uncomfortable 
Not sure 

Slightly 

comfortable 
Comfortable 

Extremely 

comfortable 

Fit 
Extremely 

loose 
Loose Slightly loose Perfectly fit Slightly tight Tight 

Extremely 

tight 
 

…… 
 
Question: 
Does any pair provide proper comfort and fit for you to use in daily life?                
If so, which pair would you choose?                               
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