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Abstract

The human auricle, despite its intricate anatomy and biomechanical significance, remains relatively
under-studied in terms of its mechanical properties. This work aims to characterise the mechanical behaviour
of human auricles and provide novel experimental and modelling tools to simulate this response, with a
focus on informing the design of wearable ear devices, or ‘earables’. A realistic phantom auricle model
was constructed with the aim of providing an experimental tool for use in researching auricle mechanical
properties. This tool proved its worth by being used to develop a methodology for testing the mechanical
response of human auricles. A volunteer study was then conducted using this methodology to characterise
the mechanical and structural behaviour of the human auricle. In static loading tests, the force required to
bend human auricles was found to vary from 0.09 N to 0.15 N for an applied displacement equal to 25% of
the auricle’s width. In dynamic loading tests, the measured natural frequency of the human auricle ranged
from 13 Hz to 27 Hz. Finally, a finite element computational model was developed to simulate the measured
mechanical behaviour of the human auricle. The aim was to provide a computational tool to use alongside
the experimental phantom tool to explore the mechanical response of human auricles in conjunction with
earables. This model was validated by comparison with the measured human auricle data.
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1. Introduction

‘Earables’ (Roddiger et al., 2022) are increasingly popular wearable devices which use the external ear,
the auricle, as their primary support (He et al., 2015; Papapanagiotou et al., 2017). The ear’s location near
the brain allows earables to function as neural interfaces (Choudhury, 2021). With attached skin electrodes,
earables can record neural signals such as electroencephalograms (EEG) (Debener et al., 2015). Earables
signals can, however, be affected by the body’s movement and vibrations, causing artefacts. Previous studies
have mostly focused on functionality, considering electrode stretchability (Wu et al., 2021) and the signal-
to-noise ratio of electrodes for EEG signals (Kappel et al., 2019). Another crucial limitation is the unstable
contact between the electrodes and the skin (Goyal et al., 2022). This highlights the need for a comprehensive
model of the auricle’s mechanical behaviour to understand its interaction with earable devices during daily
activities.

The first step in building an auricle mechanical model is to consider the geometry and material prop-
erties of the ear. Figure 1 illustrates the anatomy of the human auricle. The auricle is composed of the
auricular cartilage and covering skin (Felfela, 2017). The stiffness of auricular cartilages was measured using
compression testing on samples from different anatomical regions (Griffin et al., 2016). The reported average
Young’s modulus of auricular cartilage is 1.66 +0.63 MPa. The measured Young’s modulus of the skin has a
large variation, dependent on the test method used (Pawlaczyk et al., 2013). The typical Young’s modulus
of human skin measured with the suction method is between 0.05 MPa and 0.15 MPa (Hendriks et al., 2003).

Although the material properties of auricular tissues have been well studied, there are no studies focusing
on the structural mechanics of the auricle. A common experimental approach in biomechanical studies is
to use realistic phantom models to mimic the in vivo test environment. For example, such phantoms have
been used for analysing in-ear device insertions (Benacchio et al., 2018). When modelling soft tissues, these
phantom models are usually made of soft materials such as silicone gels, with 3D printing being a widely
adopted part of the manufacturing process (Higgins et al., 2022).

Finite Element (FE) analysis is widely used in biomechanical studies as it allows the numerical simulation
of the mechanical behaviour of parts with complex shapes and varying material properties (Brenner and
Scott, 2008). Since ear mechanics are difficult to measure due to the complexity of living tissue, FE methods
provide a great tool for studying the auricle structural mechanics. Models of the ear have so far focussed on
the ear canal and middle ear, addressing sound propagation and hearing functionality (Areias et al., 2017)
rather than considering the structural behaviour of the auricle.

This study aims to provide tools and characterisation data to allow assessment of the mechanical be-
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haviour of the human auricle, especially as related to earable design and use. Three specific objectives
contribute to this overall aim as illustrated in Figure 2: (i) development of a realistic physical phantom
which can be used as a tool to explore mechanical aspects of auricle-earable interactions experimentally; (ii)
collection of experimental data from volunteer subjects characterising the structural mechanical response of
the human auricle; and (iii) development of a computational FE auricle model which can be used for nu-
merical studies, for example to optimise earable design. As illustrated in Figure 2 these three objectives are
interlinked, with the phantom demonstrating its utility by providing a way of developing the methodology
for human auricle study, while the human auricle experiments provide data to validate the computational
model.

The paper is structured into three sections presenting the methods and results from each of the objectives
in turn. First the phantom development is presented and applied to development of a test methodology for
mechanical characterisation. Then the human volunteer study is detailed. Finally the development of the
FE model and a comparison with experimental results is presented. The paper finishes with a Discussion

section and Conclusions.

2. Phantom model development and application in designing a mechanical test protocol

The aim of developing the realistic auricle phantom model is to provide a practical tool for testing
the mechanical response of auricles, including earable interactions, through an in vitro test environment.
This section first describes the development of the phantom itself and then demonstrates its application in

developing a test methodology to apply to the human auricle testing programme of section 3.

2.1. Phantom design and manufacture

The model was constructed from two parts with different moduli to represent skin and cartilage. The
3D model of the auricle was derived from a medical image of a cadaveric ear sample provided by Hrncirik
et al. (2022). This scanned model was processed and simplified using mesh editing software (Meshmixer 3.5;
Autodesk, CA), as illustrated in Figure 3(a). The simplification resulted in a model with increased thickness
compared to the original auricle, while finer anatomical details such as grooves and ridges were smoothed
out.

To represent the internal tissue structure of the auricle, a hollow auricle model with a thin 1 mm shell
thickness was first generated. This generated inner volume was extracted. The lobule part of the extracted
part was truncated to form the cartilage section. The skin layer was generated by subtracting the cartilage

section from the original model.
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To manufacture the phantom from the CAD model, a combination of soft material 3D printing and
silicone rubber moulding was used. The shape of the mould box was defined in CAD by subtracting the
auricle model from a cuboid. This mould shape was then separated into three pieces. Figure 3(b) shows
the assembly of the corresponding mesh files. The spatial axes of the auricle phantom are defined by three
axes: superior to inferior, anterior to posterior, and lateral left to right.

Figure 3(c) illustrates the manufacturing process used for the two-layer phantom auricle model. Three
different materials were used in this process. The cartilage was first printed with a 3D printer (Form 3B;
Formlabs, US) with a soft and elastic material (Elastic 50A Resin; Formlabs, US) with a Young’s modulus
of 3.35 MPa. Then, the same printer produced the three-piece transparent mould box for the phantom
model, employing a clear and stiff material (Clear Resin V4; Formlabs, US). This transparency allowed for
observing and controlling the injection of silicone rubber into the mould.

Finally a silicone rubber (silastic 3481; ECF Composite Ltd., UK) with a Young’s modulus of 0.42 MPa
was prepared and injected into the empty space of the mould box, enveloping the pre-inserted cartilage
part, thus creating the two-layer phantom model. The Young’s moduli of the materials detailed above were
measured using dog-bone-shaped specimens in a tensile test (see supplementary material 1).

The cartilage part and the resulting two-part phantom model are illustrated in Figure 3(d).

2.2. Application of Phantom to Develop Auricle Mechanical Test Methods

In this section, we illustrate the utility of the phantom to characterise auricle mechanical behaviour, using
it to develop test methods to measure the structural response of the auricle. These are applied, slightly
modified, to the human volunteer studies of section 3. These human auricle results will also be used to
confirm that the phantom behaves in a realistic manner.

Two mechanical tests were developed: a static loading test to measure the structural deformation of
the auricle under static loading and a dynamic loading test to measure the natural frequency of the auricle

structure and analyse its vibration response.

2.2.1. Static loading test

In the static loading test, an Instron universal testing machine (Instron 3384; Illinois Tool Works, Inc.,
US) applied a load to a clip attached to the tip of the auricle phantom via a cotton thread (Figure 4a). A
10 N capacity load cell measured the applied load. The clip was marked with green to clearly indicate the
pulling point (P). This point of attachment was the tubercle of the auricle, which is on the posterior tip of

the helix. The test was video recorded with a Pixelink camera (Pixelink, CA) and the images were processed
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using bespoke MATLAB code (MATLAB 2022a; The Mathworks Inc., US) to calculate the displacement
of P. This straightforward pulling of the ear provides the variation of force with displacement resulting from
the deformation of the external ear.

Two loading variants were tested: lateral loading (pulling outward from the skull to the body midplane)
and anterior loading (applying force from the back to the front of the body). With lateral loading, the
auricle bent initially, followed by significant stretching. Anterior loading primarily caused bending with
minimal stretching. Displacements of the clip point along the pulling axis were calculated, as illustrated
in Figure 4(d) and (e). The anterior loading required less force to achieve the same deformation as lateral
loading, making it a more suitable and comfortable protocol for human auricle testing.

This testing protocol was developed to provide a simple structural test which could be applied to volun-
teers. However, the load set-up meant that the specific trajectory at the load point depended on the details
of the auricle geometry and deformation. While it would have been possible to apply a defined trajectory at
the load point with a rigid loading link, this would have been more challenging to implement for the human
volunteers, especially with dynamic loading. The remote prescribed trajectory, with loading through the
thread, provided a trade-off between a well-defined deformation trajectory and one which was feasible on

volunteers.

2.2.2. Dynamic Loading Test

A dynamic loading test is necessary to characterise the mechanical response of the auricle during move-
ments, including the determination of natural frequency and damping characteristics of the auricle. The
dynamic response of the auricle-earable system is expected to be an important part of earable design.

The dynamic loading test first involved applying a load statically, in the same way as described in the
previous section. The load was then released suddenly by burning the loading thread, allowing the auricle
to oscillate back to its original shape. The experimental set-up is illustrated in Figure 5(a). This test
is based on step loading release techniques commonly used for investigating natural frequencies in other
structures (Fu and Song, 2020).

Markers were painted on the auricle phantom, and a video of its deformation was recorded. This video
was processed with MATLAB code to track marker displacement. Figure 5(b) and (c) show the anterior and
superior views of the phantom vibration, including superimposed coloured markers tracking the trajectory
of the deformation. The displacement of these markers in the lateral direction, relative to the location at
rest, is plotted as a function of time for each of the three points in Figure 5(d) and (e).

The location of the marker position y(t) as a function of time ¢ can be fitted with a MATLAB script as
5
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a damped sinusoidal function:

y(t) = A" Mcos(2m ft — ¢) (1)

where A is the amplitude of the motion, A is a decay coefficient, 7 = 1/ is the damping time constant, f
is the natural frequency of the movement in Hz, and ¢ is a phase shift. This study aims to characterise
the natural frequency and damping properties of the auricle, which are represented by f and 7. Figure 5(f)
shows the results of fitting the cyan point trajectory in Figure 5(d), with in this case a resulting estimated
natural frequency f = 49.1 Hz and decay coefficient A = 48.67 s~!, which indicates 7 for the phantom is
21 ms.

The calculated natural frequency f and damping time constant 7 of the auricle model are key parameters
to validate the dynamic model of the real ear and are needed for analysing how different ear geometries and
material properties can affect the mechanical properties of the ear.

In summary, this section has described details of the design and manufacturing methodology to construct
a realistic auricle phantom to investigate the mechanical response of the ear. The phantom has been used
to develop a test protocol to be applied in the next section to human volunteers. Both the test set-up and
analysis procedure have been optimised for application to human subjects, illustrating the utility of the

phantom.

3. Characterisation of Human Auricle Structural Properties from a Volunteer Study

The test methods developed for the auricle phantom model, as detailed in the previous section, effectively
measured the static and dynamic responses of the phantom. Due to the auricle’s structural complexity
and variability across individuals, directly measuring material properties to evaluate the auricle mechanical
behaviour is challenging. Instead, these tests provide a structural perspective on auricle mechanics. Building
on this approach, the methods were adapted for a human volunteer study with the aim of characterising

experimentally the structural response of the human auricle.

3.1. Volunteer Study Methods

3.1.1. Experimental Set-up

Figure 6 shows the set-up for the human volunteer experiment. Participants were seated with their heads
stabilized on a chin rest to ensure consistent positioning during the experiment. The auricle loading protocol
followed closely that developed with the phantom auricle. An ear clip was attached to the participant’s

auricle at the tubercle and connected to a thread extending to the anterior of the auricle, aligned with the

6
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axis measuring the ear’s width. This setup ensured a controlled bending motion for the experiment. A static
anterior pull was applied to the thread, followed by a dynamic release through burning the thread, allowing
for the recording of the resulting oscillations.

The thread was connected to a pulley system driven by a stepper motor (model MFA-PPD; Newport
Spectra-Physics Ltd., US) with a maximum displacement of 25 mm. A load cell (GSMTM-4.5N; Interface,
Inc., US), with a measurement range of 4.5 N, was attached at the stepper-motor end of the string to measure
the applied force on the string. To record the deformation of the auricle, a Sony ZV-1 camera (Sony Europe
BV, UK) was connected to the test system, synchronously capturing the auricle deformation as the motor
started pulling. Photometric markers, which were blue dots painted on white medical tape, were applied to
the auricle of the test subject to track deformation.

Test subjects ranged from 18-40 years old, comprising 8 male and 7 female participants. The volunteer
study was approved by the Research Ethics Committee of the Department of Engineering, Cambridge, and

all participating subjects provided written, informed consent for this study.

3.1.2. Data Collection

The auricle length and width of the test subjects were measured from the captured auricle images.
These images included a reference scale, positioned in the same plane as the auricle to ensure that the
measurements are not distorted by perspective or depth differences. The length of the auricle was defined
as the greatest diameter on the auricle. This would typically be from the top to the bottom of the auricle.
The width was defined and measured as the longest distance across the auricle, taken perpendicular to the
length measurement.

The experiment started with the static test, where the stepper motor pulled the string in the anterior
direction at a speed of 0.5 mm s~!. The pulling process lasted for the 25 mm range of the stepper motor.
The deformation process was recorded with a series of photographs taken every second. The force readings
from the load cell and the displacement of the stepper motor were also recorded. A MATLAB script tracked
the displacement of the auricle markers.

For the dynamic test, the starting condition was the end of the static test. The string connecting the clip
to the stepper motor was then burnt. The subsequent oscillatory motion was captured by the camera’s high-
frame mode at 1000 frames per second (fps). The same MATLAB script analysed the auricle’s deformation,
extracting the displacement of markers over time from the recorded video. Subsequent data processing and
statistical analysis were performed with MATLAB. A confidence level of 0.05 was used to test for statistical

significance.
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3.2. Volunteer Study Results

This section provides the results of the human auricle volunteer study. The section starts by describing
the measurements of the auricles and then presents results for the static and dynamic tests, using the analysis

protocols described from the phantom methodological development study of section 2.

3.2.1. Auricle Dimensions

Figure 7(a) plots the range of auricle lengths and widths measured for all the test subjects. To determine
whether there were significant differences between males and females, t-tests were conducted on both width
and length measurements. The null hypothesis was that there was no difference in auricle width or length
between male and female groups. Results showed that male and female auricles differed in both length and

width at a 0.05 confidence level, as detailed in Table 2.

3.2.2. Static Test Results

The static test aimed to characterise the stiffness of the human auricle structure due to static loading.
To compare the displacements of auricles with different dimension, the distance travelled by the clip in the
anterior direction of the ear was normalised by dividing by the auricle width w. The results of the static
load tests are plotted in Figure 7(b) for all 15 participants, showing the applied force as a function of the
normalised displacement.

To further compare results across participants, a standardised load was defined as the force required in
the static load test to reach a normalised displacement of 0.25. Table 2 includes this analysis. The average
value of this standard load for the 15 test subjects was 117 mN, with a standard deviation (SD) of 17 mN.

There was no significant difference in this standard load between the male and female test groups.

3.2.83. Dynamic Test Results

The dynamic tests aimed to characterise the dynamic response of the human auricle, and in particular to
measure the natural vibration frequency and damping properties of the auricle. As detailed in Table 2, the
average value of the natural frequency(f) for the 15 test subjects was 20.6 Hz, with a standard deviation of
3.7 Hz. The average value of the damping constant (7) was 29.3 ms, with a standard deviation of 8.0 ms.
T-tests indicated no significant difference in natural frequency between males and females; however, the
damping time constant showed a statistically significant difference, as detailed in Table 2.

Figures 7(c) and (d) present further details of the dynamic test results, showing the regression of natural

frequencies plotted against auricle length and width. First-order linear regression was performed for both
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auricle dimensions against the natural frequency f of the auricle, with the line of best fit and its 0.05
confidence intervals plotted. The natural frequency was inversely correlated with both the auricle length
and width, albeit with modest R? regression coefficients of -0.37 and -0.49, respectively.

In summary, this study provides the first detailed characterization of the structural mechanical response
of the human auricle, analysing auricle size, as well as its static and dynamic behaviour, in 15 volunteer

subjects.

4. Development of a Finite Element Model of Auricle Mechanical Behaviour

This section outlines the development of an FE model of the auricle. The aim is to provide a tool to
simulate the mechanical and structural response of the auricle, with a focus on helping design and optimise
earables. An FE model was first developed for the phantom to check that the approach was accurate for
this well-defined test case. The same approach was then applied with human auricle material properties and

results compared with the human volunteer study to validate the model.

4.1. FE Model of Phantom Auricle

4.1.1. Phantom FE Model Methodology

To generate the auricle phantom model, the same auricle model used in the phantom construction was
further meshed at varying mesh densities using MeshLab (Cignoni et al., 2008) and then imported into
Abaqus 2018 (Dassault Systemes, FR) for FE analysis. Second-order tetrahedral elements (C3D10) were
used, as they are commonly employed in 3D biomechanical models due to their ease of automatic generation
and good performance under large deformations.

A mesh convergence test was performed to determine the optimal mesh density, balancing computational
efficiency and accuracy (Bright and Rayfield, 2011). This involved evaluating meshes with different densities
and evaluating the resulting changes in key mechanical outputs. Based on the test results, elements with an
average seed length of 1.0 mm were chosen as appropriately accurate, ensuring that further refinement did
not lead to significant changes in the simulation outcomes (see Supplementary Material 2 for details).

The FE model for the phantom included separate parts representing the skin and cartilage. These were
both modelled as linear elastic materials, using the measured elastic modulus values as detailed in Table 1.
The Poisson’s ratio for both materials was assumed to be 0.48 as suggested in other FE studies on rubber

and silicone gel materials(Imam et al., 2023).
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The phantom exhibited significant damping in the dynamic tests. This time-dependent behaviour is
presumably associated with the visco-elastic nature of the materials used in the phantom. This behaviour is
also considered to be an important part of the human auricle mechanical performance, as it will significantly
affect the performance of earables mounted on the auricle. One approach to modelling this time-dependent
material behaviour would have been to use a visco-elastic material formulation. However, to simplify the
model and given the lack of data on visco-elastic material properties of the auricle, we instead adopted a
pragmatic approach, commonly used in structural modelling, of using Rayleigh damping. This is imple-
mented in Abaqus using the *DAMPING option. The Rayleigh damping parameters o and 3 for mass and
stiffness proportional damping, respectively, were taken as a = 0 s7%, =1 x 1073 s (Gan et al., 2004).
Hence only the stiffness-proportional term associated with material damping was included.

The load cases and boundary conditions were specified to model the static and dynamic load cases
described in the previous sections. The assumption was made that the model incorporates non-linear
geometric FE modelling (i.e., large displacement modelling). Details of the applied boundary conditions

and assembly setup are included in Supplementary Material 2.

4.1.2. Phantom FE Model Results

Figure 8(a) compares the simulation and experimental results of the static load test, for anterior loading
on the phantom model. Agreement is good.

The results from the dynamic simulation are shown in Figure 8(b), plotting the anterior displacement of
the loading point on the auricle as a function of time. This can be compared with the experimental results
plotted in Figure 5. Again there is excellent agreement in the response, with the measured natural frequency
of 49.1 Hz comparing well with the estimated natural frequency from the computational model of 48.1 Hz.

In summary, the FE model has a static and dynamic mechanical response in good agreement with
the measured response of the phantom. This confirms the effectiveness of the modelling approach for this

well-defined case where the geometric and elastic properties of the model conform to the experimental setup.

4.2. FE Model of Human Auricle

Having demonstrated the effectiveness of the FE approach for the phantom, we now follow a similar ap-
proach using material properties appropriate to the human auricle, comparing the results with the volunteer

test results to validate the model.
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4.2.1. Human Auricle FE Model Methodology

Figure 9(a) presents the human auricle model, with the top half rendered transparent to reveal the
thin cartilage layer cavity at its core. This model is directly remeshed from the original segmented auricle
without any simplification, preserving all anatomical features. In contrast, the phantom auricle has a greater
thickness than the human auricle model, allowing it to be more practical for construction.

In this simulation, a linear elastic material model is employed for both components of the auricle with a
Poisson’s ratio of 0.48 (Oatis, 2013). The material moduli were adopted from literature values, as detailed
in Table 1, to effectively capture the elastic response under small deformations. However, for future studies,
this linear model will be replaced with a hyperelastic model. A detailed investigation into the hyperelastic
properties of auricle skin and cartilage will be undertaken, with the aim of refining FE simulation results
and enhancing comparisons with volunteer test outcomes.

The same boundary conditions and assembly were used for the realistic model as for the phantom model

except the Rayleigh Damping constant 3 is halved to 5 x 1074 s.

4.2.2. Human Auricle FE Model Results

Results from the static and dynamic loading simulations for the human auricle model are presented in
Figures 9(b) and (c), respectively. For static loading, the simulated force at a normalised displacement of
0.25 (normalised by the auricle width) is 120 mN (see Fig. 9(b)), which is very close to the mean measured
value of 117 nM from the volunteer study as reported in Table 2. The predicted natural frequency of the
realistic model is 21.6 Hz, which again closely matches the mean natural frequency of the volunteer study
of 20.6 Hz. The value of the decay coefficent A derived from the fitted function (equation 1) is 28.3 s71.
The corresponding damping time constant is 7 = 1/A = 35.3 ms, within one standard deviation of the mean
value of 29.3 ms measured for the volunteer group.

In summary, an FE model of the human auricle has been developed which can model the static and
dynamic response of the auricle, and so provides a useful tool for designing and optimising earables. The
model has been validated by comparison with experimental results taken from the volunteer study, showing
good agreement both in the static and dynamic response. Further validation through additional datasets

and simulations will enhance the accuracy and predictive capabilities of the computational model.
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5. Discussion

In this paper, we developed a phantom auricle model which can be used to investigate experimentally
the mechanical response of auricles. The model’s low cost and ease of manufacture make it a valuable tool
for a variety of studies. However, modifications can be made to bring its mechanical properties more in line
with the volunteer study measurements. For instance, reducing the material stiffness and adjusting the wall
thickness to better mimic the human auricle are expected to lower both the overall stiffness and natural
frequency of the model. Further adjustment to the materials and dimensions of the auricle model could
help the phantom represent a diverse population. Advanced 3D printing technology could be used to enable
manufacturing with materials of different stiffnesses to print a realistic auricle (Iftekar et al., 2023).

The mechanical experiment conducted on volunteers successfully measured the structural response of
the human auricle to external forces. Characterizing these properties for the first time provides valuable
data on the auricle’s response in static or dynamic scenarios involving more complex loading. For instance,
the findings offer insights into how vibration is transmitted to earable devices during daily activities such
as walking and running.

The static response was measured by loading the auricle tip anteriorly and measuring the resulting tip
deformation. The auricle stiffness was compared with the loads corresponding to a normalised displacement
equal to 25% of the auricle width. This load was surprisingly uniform between participants, having a
standard deviation of 15% of the mean value 117 mN. The auricle stiffness showed no statistical difference
between gender groups and showed only a weak correlation with auricle dimensions. Additional structural
tests, such as using a load clip with accelerometer attached human auricle under different motion, could
provide deeper insights into mechanical properties of the auricle and provide further guidelines to earable
design.

The dynamic properties were measured using load-release tests. Analysis was used to extract the natural
frequency f and damping time constant 7. There was a significant difference in 7 between the male and
female groups, but no difference was seen in the natural frequency between genders.

A computational model for the mechanical behaviour of the auricle was developed, allowing future
investigation of its response under varying conditions. The two-component model effectively recreated a
human auricle. Results of both static and dynamic simulations agreed well with measured values from the
phantom and volunteer studies. A linear elastic material model was used. This would be expected to lose
accuracy for high strains (e.g. above 20%), when a hyper-elastic material model would be more appropriate.
However, it is likely that the applicable range of deformations is less than those tested in this study, which
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were rather extreme cases used to provide clearer measurements particularly of the dynamic response. The
visco-elastic material behaviour was modelled using Rayleigh stiffness-proportional damping. Although this
was found to capture the damping behaviour of the phantom and human auricles effectively, more detailed
studies on time-dependent structural properties would warrant including a visco-elastic material formulation.

Future studies will aim to generalise a model for auricle structural properties by using computational
simulations with key parameters to estimate the full mechanical properties of human auricles based on
limited measurements. Future work could focus on generating auricle models that represent a wider range
of the population. Using statistical algorithms, various auricle models can be generated that incorporate
different mechanical properties (Reed and Bonifas, 2023). The load case chosen for the tests and simulation,
anteriorly pulling the tubercle of the ear via a clip and thread provided a reasonable well-defined test case
which could be implemented in a volunteer study. The FE model could be used to investigate a wider range

of load cases, additionally including the effect of an earable on the dynamic response.

6. Conclusions

This study aimed to provide tools and characterisation data to allow assessment of the mechanical
behaviour of the human auricle, especially as related to earable design and use.

The 3D printing and moulding process described in the paper can be used to make a realistic two-
component physical auricle phantom which serves as a valuable experimental tool for modelling auricle
dynamics. Its worth has been demonstrated in developing a testing methodology for the human auricle
volunteer study.

Experimental data measuring the human auricle static and dynamic response have been collected from
volunteer subjects. For the first time this provides key characterisation metrics which can be used to describe
the auricle mechanical response. Natural frequencies ranged from 14 to 28 Hz, while loads for a standardised
auricle deflection varied between 91 and 143 mN. Significant variations in auricle dimensions were observed,
with males having statistically larger auricles than females.

Finite element models for the phantom and human auricles have been developed based on CT geometry
data with a two-component structure and linear elastic material models. These were found to predict static
and dynamic responses in good agreement with the phantom and human auricle measurements, validating
the overall approach. These models can be adapted to model a diverse population and can be used to
simulate the mechanical response to a range of load cases.

In summary, the tools and characterisation data presented in this paper can be used in simulations of
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o 7. Figures

Figure 1: Anatomical Structure of (a) auricle and (b) auricle cartilage. Illustrations were adapted from (Baker, 2021)
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Figure 2: Project roadmap for modelling human auricles
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Figure 3: Phantom model construction: (a) Segmented and simplified ear model. (b) Assembled mould box and cartilage
layer, with the anatomical directions relative to the auricle defined. (c¢) Manufacturing steps for the phantom auricle model.
Cartilage section is 3D printed with Elastic 50A resin. Mould box is also printed with clear resin. Skin is made of the injected
silicone rubber silastic 3481. (d) Manufactured auricle phantom, left is the 3D printed cartilage, right is the final phantom.
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Figure 6: Volunteer experimental set-up. The test subject’s head is rested on a chin rest. The ear is taped with markers and
shielded with a black background. The stepper motor moves to deform the auricle and the load cell measures the force applied.
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Figure 7: Results of auricle volunteer study. (a) Auricle dimensions of test subjects. (b) Static test response plotting the
change in the anterior displacement, normalised by the auricle width, for loading in the anterior direction. (c) & (d) Calculated
natural frequency from dynamic tests of the auricle as a function of (c) auricle length and (d) auricle width. First order line
of best fit with 0.05 confidence intervals for the coefficient range are plotted as dashed line regions in (¢) and (d).
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Figure 8: Results of the phantom FE study. (a) Comparison of the static response from the simulation with the experimental
response, showing the applied force as a function of displacement. (b) Simulation results for dynamic lateral displacement
plotted as a function of time. The fitted damped oscillation is shown with an orange dashed line, corresponding to a calculated
natural frequency of 48.7 Hz. For reference, the natural frequency of the phantom model is 49.1 Hz, as shown in Figure 5.
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displacement - the loading point displacement normalised by the auricle width w - plotted against the applied force. Volunteer

experiment results are plotted for direct comparison; (¢) Dynamics response from the simulation. The lateral displacement of a
point on the auricle tip is extracted and plotted as a function of time. The function is then fitted with the damped oscillation

function, showing the natural frequency of the computational model is 21.6 Hz.
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8. Tables

Material property

Auricle phantom model

Human auricle model

Cartilage Density

Skin Density

Cartilage Young’s modulus
Skin Young’s modulus

Poisson’s ratio

1.01 x 10° kg m—3
1.15 x 10% kg m—3
3.35 MPa
0.42 MPa
0.48 (Imam et al., 2023)

1.1 x 103 kg m~3(Homicz et al., 2003)
1.09 x 10® kg m~3(Cardoso and Cowin, 2012)
1.05 MPa (Griffin et al., 2016)

0.15 MPa (Hendriks et al., 2003)

0.48 (Oatis, 2013)

Table 1: Material properties assigned in the FE simulations to the phantom and realistic human models. The density of the
phantom model materials are provided in the material datasheets. The moduli for the phantom model were measured directly
by the authors (see supplementary material 2), while the properties of the human auricle model and Poisson’s ratios were based
on literature sources as indicated in the table.
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Parameters :F:j;(jt N Mean SD t-statistics
All 15 59.2 5.6

Length [mm)] Male 8 62.6 3.8 p = 0.0046
Female 7 55.2 4.6
All 15 31.9 2.8

Width [mm] Male 8 33.3 3.0 p = 0.036
Female 7 30.4 1.5
All 15 117 17

ls(f:élc[lgg] Male 8 115 17 | p=o061
Female 7 120 18
All 15 20.6 3.7

gjﬁlﬁzﬁcy () [ Male 8 | 191 | 37 | p=0092
Female 7 22.4 3.1
' All 15 29.3 8.0

]C);I:g;ffm - Male 8 332 | 80 | p=0.039
Female 7 24.9 5.2

Table 2: Volunteer test result statistics. Statistical analysis of volunteer test results included t-tests on all measured parameters,
with the null hypothesis stating that there is no difference between male and female groups. At a 0.05 confidence level, significant
differences were found between the male and female groups in terms of auricle width, length, and damping constant.
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