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Statistical Analysis of Shape of Auricular Concha
for Mass Customization of OTC Hearing Aids
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SUMMARY: Adetailed data of shape of auricular concha is currently not available. Therefore, this study constructed a framework
to statistically analyze the shape of the auricular concha based on a database of 3D scanned images. The 3D modeldaf the auric
concha from 308 study participants are converted into compatible NURBS surfaces generated through 795 data points to perform a
requisite statistical analysis. Subsequently, the shape of the auricular concha of the participants is grouped into/@¢hciusiediied
hierarchical clustering algorithm. Finally, a wear trial and simulation test are carried out to validate the wear conésioéed OTC
hearing aids based on the average shape of each cluster. The experimental results show that the average shape obh&aoiestes per t
is capable of representing the common geometric properties of their corresponding members, and could thus be usedaa referenc
designing mass-customized OTC hearing aid. The method in this study is superior to conventional methods that rely artsgarse res
shape analysis because it takes into account the intricate geometric shape of the auricular concha. The quantitativetlescdpéb
morphometry will be beneficial for plastic surgeons, and for the ergonomic design of ear-related products.

KEY WORDS: Conchal Morphometry; Shape Clustering; Over the Counter Hearing Aids; Mass customization.

INTRODUCTION

One of the most intricate body parts to model asiddhmed & Omer, 2015), Italians (Russo, 1998; Ferratio
from the head is the auricle of the ear. Detailed informatica.,1999; Sforzaet al, 2009), and Britons (Cowaset al;
of the morphology, dimensions, location, and asymmetry &flexanderet al, 2011). Moreover, it is worth noting that
normal auricles is essential for diagnosing congenit#éiere are significant differences in the dimensions of the ears
abnormalities and syndromes, conducting forensiaf those in different nations and of different ethnicities (for
investigations, and ergonomically designing ear-relatezlg., the Europeans have larger dimensions in comparison
products (Cowardet al, 2000; Purkait & Singh, 2007; to Asians), thus suggesting that ear-related products for the
Tatlisumaket al, 2015). Regardless of ethnicity, the literatur€Chinese population should not be designed based on the
shows that the mean dimensions of the auricle are largerdimensions and shape of the ears of those who are not
males than females, as evidenced by the numeroGbinese. Hence, itis important to establish an anthropometric
anthropometric studies that focus on the auricles of differetiatabase for specific racialized groups.
ethnic groups, such as the Chinese (Liu, 2008; Véaad),
2011; Yuet al, 2015; Zhuet al, 2017; Zhacet al, 2018; Jung & Jung and Liu, measured the length of the
Fanet al, 2019), Koreans (Jung & Jung, 2003; Kab@l, auricle of Korean and Taiwanese subjects, respectively. They
2006; Haret al,, 2010; Leet al, 2018), Malaysians (Kumar then analyzed the length of earphones obtained from their
& Selvi, 2016), Indians (Purkait & Singh; Sharreal, local market and provided suggestions for enhanced
2007; Purkait, 2013; Singhat al, 2016), Sudanese Arabsergonomic fit. They found that the length of the ear
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connection of wearable and non-slip earphones does sanilarities in the shape of the auricular concha which is
accommodate the ear canal and auricular concha, thus, otlesd to categorize the shape of the auricular concha of the
dimensions and shapes of the auricular concha should gaticipants into several groups. Then, the average shape of
considered. Jet al, (2017) categorized the shape of théhe auricular concha in each cluster is calculated as a
auricular concha of Chinese men and women into differerdference for OTC hearing aid designs. Subsequently, the
groups based on seven characteristic distances related tdéasibility of the classification result is demonstrated by wear
auricular concha and five characteristic points of each aucemfort and a finite element simulation analysis. Finally,
cular concha as the basis for the ergonomic design of eesme concluding remarks are made and future research
The previous studies mainly inclined to assess ear lengtiections are recommended.
and width, lobule length and width, conchal length and width,
and the types of lobule (attached, intermediate, and free
types). Nevertheless, these univariate measures of ear $i&TERIAL AND METHOD
in the literature have limited applicability for current designs
of ear-related products because they have neglected the shape
of the outer ear or auricular concha. To the best of o&amples.The study sample consisted 0f308 healthy young
knowledge, there are no studies in the literature that ha@ainese volunteers (141 females and 167 males), between the
provided a comprehensive introduction on the differersiges of 18 and 28 years old. The mean age of the females is
shapes of the auricular concha, even though the auricudr3+ 2.6 years old and that of the males is 20230 years
concha is an essential part of the outer ear. This pajmd. All of the participants are students in universities located
therefore focuses on the difference in shape and differendifferent provinces of China. Any participant with a previous
classifications of the auricular concha, specifically of youngistory of craniofacial trauma, congenital anomalies, or surgery
Chinese people since race and ethnicity determine tivere excluded from participation in the study. Impressions of
dimensions of the ear-related products. the left ear of the 141 females and 169 males were made by
using silicone putty material and then the impressions were
The remainder of this paper is organized as followscanned by using an Einscan-S 3D scanner with an accuracy
A discussion on the collected three-dimensional (3D) eaf 0.1 mm and EinScan-V1.7.1 software (Fig. 1).
impressions of 308 young Chinese adults is provided,
followed by an elaboration on the proposed methods used  The study was approved by the Ethics Committee of
to extract the data points and reconstruct the surface of the institution of the first author. The subjects provided
auricular concha. Furthermore, the modification of aritten informed consent after they were given details of
hierarchical clustering algorithm is discussed to assess the experiment and their rights.

Number of vertices: 322823
Number of mesh: 643868
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Fig. 1. Collect and scan ear
impressions.
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Data point extraction and surface reconstructionln our  Classifying shape of auricularconcha.ln order to overcome
previous study (Zhet al), the 3D coordinates of eleventhe shortcomings of the conventional hierarchical clustering
characteristic points for each 3D model were extracted (Figigorithms and have few partitions but a large proportion of
2A). In order to classify the shapes of the auricular conchgarticipants, a modified hierarchical clustering algorithm is
the same number and characteristics of data points of danstructed in this study for classifying the shapes of the auri-
auricular concha were extracted from all of the scanned 23IDlar concha based on a related algorithm that was used to
models, that is, all of the 3D models were reconstructed inttassify head shape in Elleagtal, (2018). The details of the
surfaces that have the same topology. The steps that invasteps of the modified algorithm are as follows:

data point extraction and surface reconstruction are as

follows: 1. adistance threshold value is set between the corresponding

data points of the samples. The algorithm sets the distance

1. the characteristic contours of the auricular concha arethreshold between the corresponding data points instead
extracted from the 3D model of the outer ear based on theof the distance between the samples or the number of
characteristic points (Figs. 2A and 2B); clusters.

2. the characteristic contours of the auricular concha a2e Multiple cluster candidates are calculated and generated.
reconstructed as first order curves witpoints (Fig. 2C) The candidates are created by using the pairwise
with a maximum deviation from the points of less than permutations of the participants. Fig. 3 shows that a total
0.01mm of ¢z=42 cluster candidates are generated when the

3. the points of the reconstructed characteristic contours aredistance between all of the corresponding data points of
numbered and sorted, and then the curve of the auricularthe seven samples is less than the preset threshold value.
concha in the V direction is generated in accordance with However, two clusterss, S) and §,, S,), are composed
two or three specific points and in a specific order (Fig. 2D); of the same samples. Therefore, a total of 21 cluster

4. the normal direction of the curves is set to be the same saandidates are analyzed.
that all of the curves start from a point located at the ed§e One cluster candidate is selected for clustering. The
of the ear canal opening and end at a point on the outersquared Euclidean distance and centroid linkage are used
contours of the auricular concha (Fig. 2E); to determine the next participant to be included in one

5. each curve of the conchain the V direction is reconstructedof the cluster candidates. Fig. 3 shows ti&t§) is
as a first order curve withpoints (Fig. 2F), and then the  selected as the initial cluster. The distance metric is
coordinatesy v, 2 of the data points are converted into a calculated only between the current cluster candidate
text file; and and the remaining samples, as the goal is to create only

6. using the NURBS surface interpolation algorithm, all of one cluster at each iteratior8((S§) - S, S, S,, S,, S).
the models of the auricular concha are reconstructed toFollowing the same rule, the steps are repeated until
have the same NURBS topology in consideration of the reaching the stop criterion. The final clustelSs §, S,
data points extracted in Step (5). S, S) as shown in Fig. 3.

Fig. 2. Extract the data points of auricular con-
cha from 3D ear impressions: (A) and (B)
extracted the characteristic contours of concha
in the U direction; (C) reconstructed the
characteristic contours of auricular concha in the
U direction; (D) generated the curves of auricu-
lar concha in th& direction; (E) set the normal
direction of curves; (F) reconstructed the curves
and extracted the data points.
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4. The best cluster is selected from each iteration. A total Bkperimental verification. The design for an OTC hearing

21 final clusters are calculated, when the algorithm igidis modeled by using Rhinoceros 5.0 (Robert McNeel &
executed on a dataset of the seven samples. Four paramefegspc Inc., Settle, WA, USA) based on the calculated results
labeled ag, b, ¢ andd are calculated to select the optimunmof the average shapes in this study. Furthermore, the 3D
cluster from each iteration by considering the deviationwodel was printed by using a 3D printer (MOSTFUN, Chi-
among the samples in each clusteis the mean value of na) with an accuracy of 0.1 mm and thermoplastic
the sum of the distances from the points of all of the samplpslyurethane (TPU) which is an elastic material. Then, a
to their corresponding centroid points in a cludies.the wear trial is used to determine the wear comfortable and the

standard deviation d&. cis the maximum mean value of slip resistance of the hearing aid.
the sum of the distance from each point to its corresponding

centroid point in a clustedl.is the maximum distance of all

Meanwhile, in order to carry out computational and

L The four parameters are calculated by using Equatioagperimental testing of the stress pressure between the con-
(1) to (4), respectively.
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cha and the hearing aids, a simulation test is performed by
ABAQUS 6.14 (SIMULA Inc., USA).

RESULTS

All of the 3D models of the auricular concha were
converted into bicubic NURBS surfaces with the same
topological structure based on the extraction results in terms
of the 795 data points. The figure 4 is an example of a
reconstructed surface which is composed of 795 data points.

Fig. 4. Reconstructed surface of auricular concha.

Ji et al indicated that the shape and dimensions of
earphones or hearing aids mainly depend on the shape and
dimensions of the auricular concha, and the characteristic
points B, P, P, P, P, P, P, P, P, and P, (Fig. 2A)
play an important role in the ergonomic design of ear-related
products. Hence, the distance threshold values between each

corresponding characteristic point and the remaining 785

Step 1 data points were set separately in the processing of
hierarchical clustering algorithm. Table | shows the distance

Step 2 thres_h(_)Id values_ for each characteristic point and the
remaining 785 points.

Step 3 According to the modified hierarchical clustering
algorithm, all of the 305 samples (after removing three
outliers) are classified into 29 clusters (Table II). The

Step 4 highest proportion (21.4 % of the total) is found in the

cluster labelled as No. 1. The total proportion is 76.2 %

Fig. 3. Dendrogram of modified hierarchical clustering algorithmfrom Nos. 1 to 10.
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Table I. Distance thresholds (measurements in mm). (ATL), width of the concha (CW), and height (HECO),
Points PP P, P, Ps P, Pm Pn P, Pu P, andwidth (WECO) of the ear canal opening.

Vaues 35 36 43 46 49 48 48 49 46 55

Table Il. Clustering results (measurements in mm).
Cluser TL ATL CW Heeo Weo P* (%)
No.1 172 166 163 9.3 7.1 21.4
No.2 154 157 152 9.2 7.1 104

No.3 169 15.0 15.6 9.0 7.2 9.7

No.4 193 169 18.1 9.9 8.0 7.1

No.5 16.7 158 16.9 95 7.3 6.8

No.6 174 159 17.0 9.6 6.7 4.9

No.7 16.0 151 14.7 9.2 7.0 4.9

No.8 17.4 16.4 18.1 9.4 7.2 3.9

No.9 176 151 16.6 9.7 7.6 39

No.10 174 164 175 9.7 7.8 3.2

No.11 171 171 16.2 10.2 7.7 2.3

No.12 15.6 15.1 16.3 9.4 7.0 1.9

No.13 181 16.3 15.2 9.6 7.0 1.6

No.14 16.0 16.2 16.7 8.7 71 1.3

No.15 17.1 175 14.8 75 74 1.6

No.16 172 174 16.6 10.0 8.2 1.3 :

No.l7 173 169 164 94 72 16 No-26 o2 No-28 No2

No.18 169 179 180 99 7.9 13 Fig. 5. Average shape of auricular concha in each cluster.
No.19 19.3 17.7 19.0 10.3 7.7 1.6

No.20 155 144 147 8.3 6.5 1.3

No.21 195 183 16.5 11.3 8.9 1.0

No.22 175 161 14.2 95 59 1.0

No.23 177 148 16.8 8.9 6.9 0.6

No.24 172 173 16.6 95 8.0 0.6

No.25 16.7 148 17.4 9.2 6.9 1.0

No.26 16.7 171 19.3 8.7 7.3 0.6

No.27 195 174 153 101 72 06 Allsamples Allpemates Allmates
No.28 182 150 16.3 88 7.2 0.6 Fig. 6. Average shapes of auricular concha for all 308 samples,
No.29 166 142 16.6 8.8 6.5 0.6 141 females and 167 males, respectively.
Allsi 17.1 15.7 16.5 9.6 75
Al e 16.3 15.0 15.3 9.0 6.1

All..... 175 16.2 16.9 9.3 71

*P: Proportion of samples of each cluster.

Based on the average coordinates of the 795 d:
points of all of the samples in each cluster, the avera
shape of the auricular concha for each cluster was genere
by using the NURBS surface interpolation algorithm. Fic
5 shows the average shape of each cluster. Fig. 6 shc
the average shape of all 308 samples, all 141 females :
167 males, respectively. Fig. 7 is the comparison of avel
ge shape between clusters Nos. 8 and 9, and Nos. 10
11. Fig. 8 shows the deviation analysis between the ave
ge shapes duricularconcha for all samples and clustel
No. 5. The maximum deviation is only 1.3 mm. Table I.
presents the characteristic dimensions of each cluster, Su(‘d‘l 7. Comparison of average shape between Nos. 8 and 9, and
as the length of the tragus (TL), length of the antitragusos. 10 and 11.

<R

NO.8-NO.9

o
P o

NO.10-NO.11
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Fig. 8. Deviation analysis between the average shapes of con&f@ 10- Determining slip resistance of OTC hearlng aid.
for all samples and cluster No. 5.
Fig. 11 shows the stress pressure distribution between

The shape of OTC hearing aid of No.6 was designéble outer ear of participant from No. 6 and OTC hearing aid
and printed based on the average shape of No. 6. Fegsigned based on the average shape of No. 6. The stress
participants of No. 6 were selected to wear the printed mod#stribution is uniform, and the maximum pressure is only
to validate the robustness of the clustering method (Fig. 94202 MPa. As a comparison (Fig. 12), the stress distribution
The results showed that the shape of the printed OTC Hearfhéftuates and the maximum pressure increases significantly
aid approximates the real auricular concha of the participaritgien the participant from No. 6 wears the OTC hearing aid
The participants were then required to wear the printed modaiéth a design based on the average shape of other clusters.
for 1 h and did not experience pain or discomfort. At th
same time, four participants were randomly selected fro
the other clusters to use the No.6 printed model as Showr | s.viss
Fig. 9B, and the results present a striking contrast to that ;f;?.i‘::ﬁ:
Fig. 9A. Subsequently, the six participants of No. 6 ran on | = :i3isct
treadmill at different speeds (4, 6, 8, 10,12,14, and 16 km/ | & ‘it
and skip in different ways (e.g., basic, alternate foot, ar | g 3
crisscross jumping) to determine the slip resistance of t .— """
models (Fig. 10). The results showed that the model da
not slip in the two conditions.

Fig. 11. Contact stress distribution No. 6.

S. Mises

(Avg: 75%)
+4.251e-01
+3.897¢-01
+3.543¢-01
+3.186e-01
+2.832¢-01
+2.478e-01

+3.542¢-02
+1.960¢-08

Fig. 12. Contact stress distribution-other
clusters.

Fig. 9. Determining wear comfort and fit of OTC hearing aid.
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DISCUSSION concha for cluster No. 5 (Fig. 8), but the number of samples
in cluster No. 5 accounts for only 6.8 % (Table Il) of the total
samples. It indicates that OTC hearing aids designed based

The previous studies mainly determined the sexuah the average conchal shapes of all samples cannot meet the
dimorphism and bilateral asymmetry of auricular concha usingeeds of most people. Ideally, customized OTC hearing aids
the its characteristic dimensions, for instance, conchal lengttovide the best fit because they accommodate the conchal
and width. But, these univariate measures of conchal sizesinape of individuals. However, they are also expensive and
the literature have limited applicability for reconstruction andot suitable for mass production. Hence, to take both
rectification of a deformed ear, and particularly for th@roduction convenience and the fit of most users into
ergonomic design of hearing aid. Because, a small differencensideration, a number of shape systems for mass
in characteristic dimensions of auricular concha does not mezustomization of custom-fit OTC hearing aids should be

a small difference in shape. This study therefore focuses daveloped. The experimental results (Figs. 9 - 12) of present

the difference in shape and different classifications of the astudy show that the average shape of auricular concha obtained

ricular concha among young Chinese adults who are 18 - 8 per the cluster is capable of representing the common
years old. As such, the data can act as a useful database ofjgr@mmetric properties of their corresponding members, and
scanned shapes of the auricular concha of this specifiould thus be used as a reference in designing mass-customized
population and used for the ergonomic design of OTC heari@IC Hearing aids.

aid for this cohort.

However, as with all studies, there are limitations and

All of the collected conchal models are reconstructetthe cohort of Chinese 18 to 28 years old used as the sample in
into bicubic NURBS surfaces with the same topologicéahis study prevents the generalization of the results to a more
structure based on the extraction results in terms of the 7@ker population. It is recommended that future studies
data points. On the basis of 795 data points of each sameestigate a wider population, such as those who are younger
the 305 samples (after removing three outliers) are classifigthn 18 years or a more mature population in the Chinese
into 29 clusters by a modified hierarchical clustering algorithncontext. Moreover, an algorithm can be developed to categorize

The average shapes of auricular concha for each cluster e participants into a smaller number of clusters, with the

calculated based on the average coordinates of the 795 ddidity to still classify a large proportion of the samples into

points of all of the samples in each cluster (Fig. 5). Meanwhilene of the clusters.

the average shapes of all samples, all females, and all males

are generated, respectively (Fig. 6). As shown in Fig. 5, the

average shapes of auricular concha between each clusterG@NCLUSIONS

significantly difference, as well as the characteristic

dimensions between each cluster. For example, the maximum

deviation between TL of all clusters is 4.1 mm in cluster No. In conclusion, this study provides detailed information

21 and No. 2, that between CW of all clusters is 4.5 mm about the shape of normal auricular concha among young

cluster No. 26 and No. 15, and that between ATL of all cluste@hinese adults in an age group of 18- 28 years. The result in

is 3.9 mm in cluster No. 21 and No. 20. The deviations of thkis study is superior to conventional methods that rely on
related dimensions for Nos. 8 and 9, and Nos. 10 and 11 aparse results for morphological analysis because it takes into
all negligible (Table Il). However, significant deviations areaccount the intricate geometric shape of the auricular concha.
found in each of the average shapes as shown in Fig.The average shapes of each cluster generated in the present

Therefore, univariate measures of the auricular concha canettdy could sem as a specific and useful database for the

adequately characterize the differences among the shapesgudntitative description of conchal morphometry in young

the auricular concha, so information of the entire shape sho@tinese adults. These intuitive data can be utilized in the diag-
be taken into account during classifying the shape of the aunsis of congenital anomalies, ear constructive plastic surgeries,
cular concha. and particularly in ergonomic design of OTC hearing aids.

As shown in Fig. 6 and Table II, the average shapes of
auricular concha for all males and all samples are significanthCKNOWLEDGEMENTS . This study was supported by
larger than that for all females, as well as the characteristite National Natural Science Foundation of China (Grant
dimensions. In worthwhile adding that, the female participantaumber 52005498); the Fundamental Research Funds for the
account for a large proportion in the clusters with smaentral Universities (Grant number 2020SK15). The authors
dimensions and shapes. The average shape of auricular cmauld like to thank the participants who volunteef@dthis
cha for all samples is similar to the average shape of auricusudy.
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