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Abstract

Ear canal deformation caused by jaw joint movement is simulated in this paper and introduced as
a candidate source of power to supply hearing aids devices power. The ear mold is prepared and
the CT-Scan is performed using this mold in both open and close positions of the mouth. The ear
canal model is created with Mimix, 3matic and Catia softwares. The mandible motion in cases of
discussion, text reading, poem reading, greeting and speaking loudly is captured by opti-track
camera and processed in Matlab software. Ear canal model and mandible path are imported to
Abaqus finite element analysis software. Using the finite element model the output voltage of
piezoelectric for each case of talking is calculated. Required electrical circuit to convert generated
voltage from AC to DC is modeled in Matlab simulink and output power is determined. The results
show that this module could supply a low power hearing aid for about 14 hours with considering
individual talking activity per day. Also, with increasing the human age, the amount of output
voltage from the piezoelectric harvesting device increases.
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1 Introduction

Reducing power usage of in ear devices increases probability of their energy supply with
energy harvesting methods instead of using batteries [1]. Energy can be harvested from
environment or human body. Using environment sources like solar, radiant and acoustic energies
for this purpose is not rational because the environment is unstable [2-4]. Human body is an
abundant source of power and in this case has more potential than the environment. Energy can be
harvested from upper limb motion such as full bicep curls and arm lift [5, 6], walking which has
many different method such as using heel strikes [7, 8], knee movement [9], leg movement [10].
Body heat [11] specially in neck [12] and head [13], air flow during breathing [14], blood pressure
[15], heart beat [16], head movement [17], muscle force [18], endocochlear potential
(electrochemical energy) [19] are other examples of energy sources in human body. Most of these
sources of energy have high potential for power supplying in ear devices due to proximity to ear.
However, these sources are too limited or unsuitable for hearing devices.

Due to proximity between power supply and in ear device , ear canal dynamic motion has
been recently suggested as a human body source of energy. Compared to other methods, using
piezoelectric materials are more compatible with in ear application [20]. Piezoelectric materials
generate an electrical charge when subjected to a mechanical stress [21]. The type of piezoelectric
substantially influences harvester performance and user convenience. A flexible piezo material
should be chosen for in ear devices to withstand extensive strain in the ear. This material should
also be biocompatible, therefore polyvinylidene fluoride (PVDF), piezoelectric fiber composite,
piezoelectric fine wires and piezoelectric meta materials are usually used for this purpose [22-24].

Some researchers have been focused on harvesting energy from ear canal deformation.
Delnavaz and Voix [25] investigated the effect of jaw joint movement on the change in the volume
of the ear canal for a group of 12 people between 23 to 60 years old. This change of volume was
interpreted as a change of water level in a vertical tube to measure its energy. They predict that
this power can supply fully or at least partially the required power of hearing devices. Furthermore,
they [26] developed a finite element model to estimate the energy harvesting capability of the
piezoelectric layer. A hydroelectromagnetic energy harvester and a flexible piezoelectric generator
were created by Delnavaz and Voix [20] to exprimentally study the possibility of using energy

harvesting from ear canal dynamic motion as a source of power to replace the use of batteries for
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in-ear devices. Using ear canal point clouds, Carioly et al. investigated the bending and
compressive movements of the ear canal to select an appropriate deformation mode for harvesting
energy from the ear canal dynamic motion [27]. A bulk piezoelectric ceramic was integrated by
Delnavaz and Voix [28] onto a flexible platform for energy harvesting from the human body
pressing force. They investigated the von mises yield criterion by using finite element analysis to
make sure that the PZT beam tolerates the applied stresses. Carioli et al. [29] calculated the PVDF
output voltage due to jaw movements by applying Winkler-Bach theory and the piezoelectric
constitutive equation for two extreme jaw positions. Wang et al. [30] proposed a liquid-filled
earplug energy harvester which transfers energy outside the earcanal to a generatorand composed
of a hydraulic amplifier, two hydraulic cylinders that actuate a bistable resonator to raise the source
frequency while driving an amplified piezoelectric transducer to generate electricity.

Charging the battery of ear devices is one of the problems of their users due to the
forgetfulness of the user and the lack of access to a suitable charging source in any place. Due to
the reduction of energy consumption of these devices by increasing their efficiency, the use of
energy harvesting methods to provide part of the energy consumption of these devices can reduce
the problem of their continuous charging. Therefore, in this article, the possibility of harvesting
energy from the ear canal to supply energy of in-ear devices such as hearing aids and headphones
is investigated.

Briefly, following three main gaps can be addressed in the literature:

1. Despite the existing valuable works in the available literature, no research has been
done to investigate the harvesting of energy from ear canal during speaking, by considering a full
model of the ear canal cartilage, ear mold, piezoelectric layer and condyle of mandible.

2. Some of the studies that investigate the effects of jaw movement cycle on energy
production during the speaking, used simple moving of a solid sphere to model the mandibular
condyle motion.

3. Very few studies have investigated the effects of ear canal and speaking parameters
on energy harvesting of the ear plugin. In all of them, experimental setup has been used for
parametric investigation. Using experimental methods for determining the effects of different
parameters on energy harvesting from ear canal is expensive and very time-consuming.
Therefore, this study is novel in terms of the following aspects:

1. Inthe current work, a full finite element model for in ear energy harvesting



containing the model of ear canal cartilage, ear mold, piezoelectric plugin and mandibular
condyle is developed using Abaqus software.

2. To determine ear canal excitation, actual motion of the mandible during different type
of speaking is determined using opti-track camera. These data are imported in finite element
simulation to determine the generated power by the system during the speaking.

3. Using the finite element model developed in this research, effects of different
parameter like PVVDF orientation, cartilage and ear mold stiffness, coefficient of friction between
condyle of the mandible and soft tissue and different talking type on the power generated by the

system are investigated.

2 Materials and methods

In order to study the energy harvesting from ear canal during speaking, a finite element
model of the ear canal including piezoelectric layer is developed. To begin, geometrical models of
the ear canal in both open and close positions of the mouth are developed, based on data obtained
from CT-scan. Afterward, homogeneous mechanical properties of different parts of model are used
to simulate the behavior of ear canal due to mandible motion during speaking. Finally, using a full
wave rectifier bridge circuit to convert AC voltage generated by piezoelectric layer to DC voltage,
the electric power harvested by piezoelectric is calculated. The experimental protocol of this
research, was approved by the ethics committee at the vice chancellery for research and technology
affairs of the Yazd university with letter No.: 12/SAD/1478.

2.1 Modeling

A comprehensive model of ear canal including piezoelectric layer, jaw joint movement and
electric circuit for capacitor charging will be presented to simulate the possibility of energy
harvesting from ear canal motion. For finite element modeling of ear canal, the ear canal geometry
should be extracted. Different methods can be used to obtain ear canal geometry. One of them is
to use silicon ear mold and then scan it by 3D laser coordinate measuring machine [31], the other
one is using computer assisted tomographic scanner (CT-Scan) [32]. Other methods include
magnetic resonance scanner [33] and ear canal laser scanning [34].

In this paper ear canal geometry was obtained using CT-Scan method. First of all ear mold
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was fabricated in open mouth position as shown Fig. 1. For this purpose, a mouth prop was used
between front teeth to keep the mouth in an open position up to a maximum of 25 mm. Afterwards,
room temperature vulcanizing (RTV) silicon was injected in to the ear canal and after 10 minutes
earmold was removed.

CT-Scan was performed using this mold in both open and close position of the mouth. It
must be considered that the mouth prop also be used for open positions. Three images of the ear
canal cross sections obtained by CT-Scan are shown in Fig. 2. In the following, the images of ear
canal cross sections were imported to Materialise Mimix software and converted to point-cloud.
The point cloud results were imported to Materialise 3matic software for surface modification.
The results were imported to Catia software and different parts; soft tissue, Ear mold, part of
temporal and condyle of mandible were created. Then these parts were imported to finite element
software to analyze. The workflow for generating the ear canal geometry is shown in Fig. 3.

As shown in Fig. 4, for modeling the piezoelectric layer, a part of the plugin surface with

110 micrometer thickness is defined as piezoelectric layer.

2.2 Mandible motion

To determine ear canal excitation, mandible motion during speaking should be determined.
Mandible motion can be captured by electromagnetic sensors, acoustic sensors or
photogrammetric systems. In this paper opti-track camera was used for this purpose. The camera
has a surface of light sensitive diodes and coordinates are recorded by sending and receiving light
reflections by sensors. As illustrated in Fig. 5, one of the markers is connected to the chin. Since
the head movement changes this marker position and fixing of the head was impossible, two
markers were located on forehead and one marker was located on temporal bone near auricle to
define new coordinate system which connected to the head.

Data collection was performed in seven cases: closed mouth, open mouth, discussion,
reading a text, reading a poem, greeting and speaking out loud. For the closed mouth position, the
mouth was closed for 5 second to obtain this position. Also, for the open mouth position, the mouth
was opened for 5 second to obtain this position. This process is shown in Fig. 5.

The acquired data were imported to Matlab software. Then, chin marker position was



transferred to head coordinate system and mouth closing percent was achieved. The results are
presented in Fig. 6. Because of great variation of the mandible motion amplitude, utilization of
these data as a source of ear canal excitation in Abaqus software increases the simulation time.
Therefore these values must be simplified before simulating. For this purpose fast fourier
transform (FFT) was used to obtain the main frequencies of the excitation signal. Because of
frequencies of mandible motion does not exceed 2 hertz in accordance with FFT results, so all
frequencies below 2 hertz were averaged by weighted mean method by considering amplitude of
each frequency as the weight.

Using this method, the equal frequencies of discussion, text reading, poem reading,
greeting and speaking loudly are calculated 0.126, 0.527, 0.363, 0.928, 1.281 hz, respectively.
According these frequencices, equal digrams for mouth closing during the time are presented in
Fig. 6.

2.3 Simulation

In this paper, Abaqus finite element analysis software is used to investigate the
characteristics and performance of the energy harvesting module. The model is composed of four
geometrical domains: cartilage, earmold, part of temporal bone and condyle of the mandible as
shown in Fig. 7.

2.3.1 Materials properties

In this paper, cartilage and earmold are represented by a linear elastic materials whose their
mechanical properties are presented in Tablel. All values are from the manufacturer’s technical
manual.

The average stiffness of cortical and spongy bones are 18.6 and 10.8 GPa respectively [38].

Because of the fact that this values are much more than stiffness of cartilage and earmold, they

considered as rigid bodies. In finite element simulation, the relation between the PVDF strain and

charge is considered as Eq. (1):
S=S.T+d'E

1
D=dT +¢E @



where T, S, E and D are the reordered components of stress, strain, electric field and electric
displacement, respectively. Also, ¢ is electric permittivity, S; is the compliance matrix and d is
the coupling matrix. Numerical values for the material specific of the PVDF are defined in Egs.
(2) and (3) [39]:
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Also, the PVDF permittivity is in accordance with relation (4):
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The young’s modulus, poisson’s ratio and density of the PVDF are 3 GPa, 1780 k—% and
m

0.35 respectively.
2.3.2 Boundary conditions and constraints

The required boundary conditions for modeling the energy harvesting is determined from
ear canal dynamic behavior. For easier identification of the surfaces that are in contact with each
other, they are shown with the same letters in Fig. 8. The ear mold surface and ear surface are tied
together because ear mold is fitted in ear canal. These surfaces are marked with the letter C in the

Fig. 8. Head of ear mold which is in contact with ear canal bony section, has a rough friction with



temporal bone which prevents sliding of surfaces. These surfaces are marked with the letter D in
the Fig. 8. Outer surfaces of temporal and inner surface of cartilage which are adjacent to each
other are tied together as shown with A letter. Sliding friction is defined between condyle and
cartilage with coefficient of friction of 0.36 that these surfaces are indicated with B letter. [40].

Electric potential is set to zero on piezoelectric outer surface and equal all over inner surface.

2.3.3 Mesh

Because of the complexity of geometry of ear canal/piezoelectric system, tetrahedron
element type is used for meshing the model. Moreover, first order elements are selected to reduce
computing time. The models were discretized by tetrahedron elements (C3D4l) with an
approximate size of 0.5 . A mesh convergence study revealed that using a finer mesh did not
change the results significantly. Abaqus implicit solver was used to compute the voltage of the

model. Discretized model has been shown in Fig. 9.

3 Results

To estimate the electric potential generated by piezoelectric during speaking, finite element
analysis is performed in one full mouth opening and closing cycle with cartilage middle stiffness.
We consider the piezoelectric orientation that the main direction is perpendicular to the
piezoelectric surface. The obtained result from finite element simulation for different states,
greeting, speaking loudly, reading poem, reading text, and discussion are shown in Fig. 10. As can
be seen in this figure, the frequency of the generated voltage varies depending on the type of the
speech and is equal to the speaking frequency.

Piezoelectric materials only generate voltage due to the change of the applied force. Under
constant force, the output voltage quickly reaches to zero because of high internal resistance.
Because of the fact that it’s not possible to consider this matter in the simulation, the output voltage
does not change and fluctuates around a constant value. Therefore, only different voltage generated
by the simulation is reliable which are 2.25, 3.2, 1.75, 2.55 and 2.45 volts for the states of greeting,
speaking loudly, reading poem, reading text, and discussion respectively.

Ear canal deformation divided into radial compression and bending in which both of them
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leads to deform piezo material perpendicular to its surface. PVDF could take three orientation in
this direction as shown in Fig. 11. Output voltage for each orientation is obtained for cartilage
middle stiffness during full chewing cycle as shown in Fig. 12. According to the results, among
these orientations longitudinal direction exhibits maximum output voltage which reaches 4.030
volts.

The piezoelectric plugin is usually subjected to oscillating loads. Therfore, research about
its fatigue behavior is very important. Fig. 13 illustrates distribution of the von mises stress in
piezoelectric plugin. As shown in this figure the stress starts from 0.09 MPa and increases in the
first and second bends due to the greater effect of bending loading than the compression. According
to Fig. 13, the equivalent stress reaches to 23.5 MPa in the first bend, which is less than the
piezoelectric yield stress. Therefore the maximum stress is in the elastic range. Due to the
intermittent movement of the jaw, the oscillating change of stress is applied to the piezoelectric.
Hence, the safety factor of this material under fatigue in the oscillating state with the maximum
frequency is studied in this research. For this reason, full opening and closing mouth is considered.
Using the soderberg criterion and according to Eq. (5) and setting the yield strength equal to 51
MPa [42], the safety factor of 1.5 is obtained, which is acceptable.

Ga  On_1 ©)
S, S

e y

It must be considered that in in real situations, the mouth is not fully opened and frequency
is also below chewing frequency. Therefore, the considered situation is the most critical situation

and hence fatigue will not happen in other situations.

4 Discussion

The simulation results of the piezo-earpiece model presented in the previous sections
depend on mechanical properties of its componenets. The stiffness of cartilage and friction
coefficient between condyle and cartilage vary among individuals and depends on the age of the
people and the force between muscle and bone, respectively. Ear mold material could also change.

With increase in the human age, the cartilage stiffness increases. For age range of 59+10
years, cartilage stiffness varies in the range of 1.66+0.63 MPa. Fig. 14 shows the effect of different
cartilage stiffness, E=1.03, 1.66, 2.29 Mpa, on the piezoelectric strain. According to this figure,
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with increase in the cartilage stiffness the strain in the piezoelectric increases.

Effect of cartilage stiffness due to human age on output voltage in piezoelectric
longitudinal direction is presented in Fig. 15. As shown in this figure, the output voltage increases
to 5 volts with increase the human age to 69 years. Also this figure shows that with age decreasing
to 49 years, the output voltage decrease to 2.75 volts. Also, as illustrated in Figs. 14 and 15
cartilage stiffness increasing cause more strain in piezoelectric and consequently more electric
potential.

Ear mold stiffness can affect the output voltage by changing the piezoelectric strain. Fig.
16 illustrate the distribution of strain within the piezoelectric for different earmold stiffness,
E=1.66, 1.25, 0.83 Mpa. As shown in Fig. 16, decreasing the ear mold stiffness increases the
piezoelectric strain.

Increasing the stiffness of the ear mold to the extent that it does not cause discomfort to the
person and decreasing it to the extent that it does not come out of ear canal is possible. Piezoelectric
and ear mold withstand ear canal stress together, softer ear mold withstand less stress portion and
impose more stress on piezoeletric. Effect of ear mold stiffness on output voltage in piezoelectric
longitudinal direction is shown in Fig. 17. According to the results, with increase the ear mold
stiffness, the maximum output voltage decreases to 2.676 volts which shows 36.5% reduction of
output voltage compared to output voltage with soft ear mold. As shown in Table 2, new RTV
silicone rubbers with lower modulus of elasticity have been produced. Using these RTVs can
generate more electrical power than the results presented in Fig.14.

Coefficient of static friction between bone and muscle tissue varies from 0.29 to 0.36 and
change from one person to another. Also, kinetic friction coefficient is fluctuating around a
constant level which is slightly less than the static friction coefficient. Fig. 18 depicts the
piezoelectric strain with different coefficient of friction between condyle of the mandible and soft
tissue. As can be seen in Fig. 18, piezoelectric strain is proportional with coefficient of friction
between condyle of the mandible and soft tissue and its increase causes more strain and
consequently more electric potential.

Effect of coefficient of static friction on piezoelectric output voltage in longitudinal
direction is investigated in Fig. 19. As shown in this figure, reduction of coefficient of static
friction, reduces the output voltage.

To investigate the possibility of energy suply of the ear devices by energy harvesting of
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the ear canal, the electric power generated by piezoelectric should be determined. For calculating
the generated power, first of all the simulated voltage must be converted to the actual voltage
according to actual mandible movement. Then this voltage should be converted to DC voltage for
charging the ear device battery. Because the model is linear, the output voltage is proportional to
the mandible movement. For this purpose, by averaging mandible closing percent during the
simulation, mandible average position is achieved and considered as mandible position at zero
output voltage. Then maximum output voltage corresponds to the maximum mouth closing percent
and actual output voltage is achieved. The results are shown in Fig. 20.

This variable voltage is not usable in electronic devices and must be converted to DC
voltage. In this research, a full wave rectifier bridge and a 24 micro farad current smoothing
capacitor is used for this reason as presented in Fig. 21.

Required circuit is modeled in Matlab simulink as shown in Fig. 21 and capacitor charging
time is achieved. By knowing the charging time of the capacitor, the impedance of the capacitor
can be calculated by Eq. (6),

¢ 2rfC ()

which f is capacitor charging frequency and C is the capacitance of capacitor. Then,

electrical energy harvested from ear canal motion can be calculated by Eq. (7),

1 ¢t
which Z is the amount of impedance that the signal drives. It is the capacitor impedance in

this case [43]. Also, the average output power can be calculated using Eq. (8).

PZT (8)

Using Eq. (8), the average output power for discussion, text reading, poem reading,
greeting and speaking loudly cases is calculated that is equal to 1.14, 0.17, 1.6, 3.89 and 2.75 micro
watts respectively. It should be noted that some of this power is wasted by the circuit elements
such as wires and diodes.

By experimental observation about the person studied in this research during one week, the
average times spent for each case of speaking are extracted. Using these results the harvested
energy by piezoelectric for each case and total generated energy are calculated. The results are

presented in Table 3. The total energy can be generated by the presented model is 13.8 mJ.
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Considering that the power consumpsion of ear device is about 0.964 milliwatts [1], the

designed ear plugin can supply its energy for about 14 hours in a day.

5 Conclusion

In this paper an ear plugin consist of a soft ear mold wrapped in a flexible layer of PVDF
for energy harvesting from the ear canal dynamic motion was investigated. Finite element
modeling was used to simulate the mechanical deformation and electrical potential generation
capability of the device. For the electromechanical modeling, the ear mold was made and CT-Scan
was performed using this mold. The model was created by Mimix, 3matic and Catia softwares and
the mandible path was obtained by data collection and Matlab processing. The simulating results
were achieved through Abaqus software. Also output voltage for discussion, text reading, poem
reading, greeting and speaking loudly cases was calculated. Required circuit for converting AC
voltage to DC voltage was modeled in Matlab software and output power for discussion, text
reading, poem reading, greeting and speaking loudly was calculated and average output power was
achieved for each cases. Based on the results obtained in this paper, the following conclusions can
be made:

1. With increasing the human age, the amount of output voltage from the piezoelectric
harvesting device increases. This result is important because with increasing age, the probability
of using hearing aids increases.

2. Reduction of static coefficient of friction between soft tissue and condyle of the
mandible, reduces the output voltage.

3. Maximum output voltage increase with softer silicon ear mold.

4. To achieve maximum power, piezoelectric orientation must be chosen so that the main
piezoelectric direction is perpendicular to the ear canal surface.

5. The designed ear plugin could supply energy of in ear devices for about 14 hours in a
day.

The model examined in this research is related to a specific ear canal and its associated
bone structure. The amount of energy that can be harvested from the ear canal in different people

with different ages can be investigated in the continuation of this research. Also, investigation of
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the amount of energy production in different speaking states, in addition to the cases discussed in
this article, can also be done in future researches.

Design and construction of a plugin with a piezoelectric layer that can be placed in the ear
canal along with a current rectifier circuit for charging the battery are the steps required to build
this device. It should be noted that this device should be small and of suitable weight to satisfy the

users.
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List of figure captions

Figure 1: Fabricated ear mold in open mouth position.

Figure 2: CT-Scan images of the ear canal cross sections: (a) Axial plane, (b) Sagital plane and
(c) Coronal plane.

Figure 3: The workflow for generating the ear canal geometry with different parts, (1) soft tissue,
(2) earmold, (3) part of temporal and (4) condyle of mandible: (a) Model in Mimix, (b) Model in
3matic, (c) Model in Catia

Figure 4: Model of the plugin with piezoelectric layer.

Figure 5: Capturing mandible motion during speaking by opti-track camera: (a) connected
markers, (b) opti-track camera.

Figure 6: Mouth closing percent during: (a) Discussion, (b) Text reading, (c) Poem reading, (d)
Greeting and (e) Loudly speaking.

Figure 7: The schematic model of the ear canal and ear mold.

Figure 8: Homonymous surfaces in contact with each other: (a,b) Soft tissue inner surface, (c) Soft
tissue outer surface, (d) Condyle of mandible outer surface, (e,f) Temporal outer surface and (g)
Plugin.

Figure 9: Discretized model for finite element simulations.

Figure 10: Piezoelectric output voltage: (a) Discussion, (b) Text reading, (c) Poem reading, (d)
Greeting and (e) Loudly speaking.

Figure 11: PVDF orientation: N: Normal to piezoelectric surface, L: Tangent to piezoelectric
surface in Longitudinal direction and T: Tangent to piezoelectric surface in circumferential
direction

Figure 12: Output voltage in different piezoelectric orientations: (a) normal direction, (b)
tangential direction and (c) longitudinal direction.

Figure 13: The stress distribution in piezoelectric in close mouth position.

Figure 14: Piezoelectric strain with different cartilage stiffness: (a) E=1.03 Mpa, (b) E=1.66 Mpa,
(c) E=2.29 Mpa

Figure 15: Output voltage in different cartilage stiffness.

Figure 16: Piezoelectric strain with different earmold stiffness: (a) E=1.66 Mpa, (b) E=1.25 Mpa,
(c) E=0.83 Mpa.

Figure 17: Output voltage in different ear mold stiffness.
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Figure 18: Piezoelectric strain with different coefficient of friction between condyle of the
mandible and soft tissue: (a) Maximum friction coefficient, (b) Average friction coefficient, (c)
Minimum friction coefficient.

Figure 19: Output voltage with different coefficient of friction between condyle of the mandible
and soft tissue.

Figure 20: Piezoelectric actual output voltage during: (a) Discussion, (b) Text reading, (c) Poem
reading, (d) Greeting and (e) Loudly speaking.

Figure 21: Current rectifier circuit: (a) Schematic and (b)Simulation in Matlab Simulink.
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List of table captions

Table 1: Cartilage and earmold mechanical properties [35-37]
Table 2: Mechanical properties of the RTV silicone rubber [41]

Table 3: Time intervals of talking types considered in the simulation

25



Figures:

Figure 1

26



Figure 2

27



(b)

28



Figure 3

29



Piezoelectric

Plugin

Figure 4

30



(b)
Figure 5
31



Mouth Closing(%)

95

% 75+ Equal harmonic
25 55! Measured
=
350 10 20
Time(s)
(a)
100 .
75 ' ' |
50 '
0 10 20
Time(s)
(b)

32



Mouth Closing(%)

Mouth Closing(%)

\O
=

~J o0
) (e
(
e
‘
e A
t
————
oo
———
e
-—.
(\® n

o)
S
=

10
Time(s)
(©)

0

100

~J
()]
z=——
_ e
B i
S

N
-

1 O 20
Time(s)
(d)

=



20

10
Time(s)

100

(%)3UISO[D Yo

(€)

Figure



Ear mold

Cartilage .
Condyle of the mandible

Figure 7

35



(©)

)

(b

(@)

(d)

(@)

Figure 8

36



%

SR
G IAAT AN
RO IIRELERE
SRR S S
QAR
SO ES
VS AL

Figure 9
37

P=a )



(a)renuajod o1oa1g

Time(s)

(a)

(A)renuajod omoayg

1.5

0.5

Time(s)

(b)

38



(A)enuajod onoayg

15

0.5

Time(s)

(©)

(A)enuaiod o1yo9[q

1.0

0.75

0.5

0.25

Time(s)

(d)

39



(A)enualod o1o9[q

0.8

0.6

0.4

0.2

Time(s)

(€)

Figure 10

40



earcanal central axis

Figure 11

41



0.20

Electric potential(v)
o o
— -
[—) n

S
=
n

0.00 L L .
0.00 0.15 0.30 0.45 0.60

Time(s)
(a)
0.06 T
0.04
&
=
g 0.02
bS]
2,
Q
‘£ 0.00
3
m
-0.02
0.00 0.15 0.30 0.45 0.60
Time(s)
(b)
4.0 v
3.0
Z
=
g
£120
a,
Q
E
3
75 1.0
0.0 1 L L
0.00 0.15 0.30 0.45 0.60
Time(s)
(©)
Figure 12

42



S, Mises
(Avg: 75%)
23.53
21.57
19.62
17.67
15.71
13.76
11.81
9.86
7.90
5.95

4.00
2.04
0.09

Figure 13

43



LE, Max. Principal
(Avg: 75%)

+1.717e-02
[ +1.574¢-02

+1.431e-02
+1.289¢-02
+1.146-02
+1.004€-02
+8.610e-03
+7.1846-03
+5.7586-03

+4.332¢-03
+2.906e-03
+1.480e-03

+5.375e-05

T

LE, Max. Principal

(Avg: 75%)
+1.875¢-02
+1.720¢-02
+1.564¢-02
+1.409¢-02
+1.253¢-02
+1.097¢-02
1+9.417¢-03
+7.861e-03
+6.305¢-03
+4.749¢-03
+3.193¢-03
+1.637¢-03
+8.138e-05

LE, Max. Principal
(Avg: 75%)
+2.010e-02
+1.843¢-02
+1.677e-02
+1.510e-02
+1.344¢-02
+1.177e-02
+1.010e-02
+8.437e-03
+6.771e-03
+5.105e-03
+3.439¢-03
+1.773e-03
+1.067¢-04

(b)

(©)
Figure 14

44



Electric potential(v)

5.0

— E =229 MPa
— E=1.66 MPa
40 —  E=1.03MPa |
3.0
2.0
1.0
0.0 1 1 L +
0.00 0.15 0.30 0.45 0.60
Time(s)

Figure 15: Output voltage in different cartilage stiffness.

45




LE, Max. Principal

(Avg: 75%)
+1.805e-02
+1.655e-02
+1.505¢-02
+1.355¢-02
+1.206¢-02
+1.056¢-02
+9.062¢-03
+7.564¢-03
+6.066¢-03
+4.569¢-03
+3.071¢-03
+1.573e-03
+7.564¢-05

LE, Max. Principal
(Avg: 75%)
+1.829¢-02
+1.677¢-02
+1.526¢-02
+1.374e-02
+1.222¢-02
+1.070e-02
+9.185¢-03
+7.667¢-03
+6.149¢-03
+4.631¢-03
+3.114¢-03
+1.596¢-03
+7.794¢-05

(b)

LE, Max. Principal

(Avg: 75%)
+1.875e-02
+1.720e-02
+1.564e-02
+1.409¢-02
+1.253e-02
+1.097e-02
+9.417¢-03
+7.861¢-03
+6.305¢-03
+4.749¢-03
+3.193e-03
+1.637¢-03
+8.138e-05

(©)
Figure 16

46



4.0

3.0

2.0

Electric potential(v)

0.0

0.00

0.15

Figure 17:

0.30 0.45 0.60
Time(s)

Output voltage in different ear mold stiffness.

47



LE, Max. Principal

(Avg: 75%)
+1.941e-02
+1.780e-02
+1.619¢-02
+1.458e-02
+1.297¢-02
+1.136e-02
+9.745e-03
+8.134¢-03
+6.523e-03
+4.912e-03
+3.301e-03
+1.690e-03
+7.948e-05

LE, Max. Principal
(Avg: 75%)
+1.829¢-02
+1.677e-02
+1.526e-02
+1.374e-02
+1.222¢-02
+1.070¢-02
+9.185¢-03
+7.667¢-03
+6.149¢-03
+4.631¢-03
+3.114¢-03
+1.596¢-03
+7.794¢-05

LE, Max. Principal

(Avg: 75%)
+1.875¢-02
+1.720e-02
+1.564¢-02
+1.409¢-02
+1.253e-02
+1.097¢-02
+9.417¢-03
+7.861¢-03
+6.305¢-03
+4.749¢-03
+3.193¢-03
+1.637e-03
+8.138¢-05

(©)
Figure 18

48



Electric potential(v)

4.0F T T 3
— K1=0.36
3.5+ — K=0.325|1
— H1=0.29
3.0f 1
2.5 J
2.0+ J
1.5 .
1.0 .
0.5r .
OO 1 1 1 1 1 -+
0.00 0.10 0.20 0.30 0.40 0.50 0.60
Time(s)
Figure 19

49



(Q\

o (@\|

(A)a3ey0A |

20

10
Time(s)

(@)

(A)a3e)0A

20

10
Time(s)

(b)

50



(A)a3e)0A

10 15 20

Time(s)

s

(©)

=

s

N

(Q\ = oS

(A)a3ey[0 >_

10 13 20

Time(s)

a2

(d)

51



(A)a8ej0A

20

10
Time(s)
(€)

Figure 20

52



Vp | )

N

CL

fix)=0

input

T

Piezo voltage

(b)

Figure 21

53

output



Tables

Table 1
Cartilage
Young’s modulus (MPa) Poisson’s ratio Density (%)
1.66+0.63 0.2 1080+10
Earmold
0.83 0.47 1100
Table 2
Sample Tensile strength (MPa) | Modulus (MPa)
TM-1 0.5 0.430
TE-1 0.469 0.315
OP-1 0.914 0.413
DVP-1 0.559 0.385
TE-2 0.514 0.347
OP-2 1.050 0.451
DVP-2 1.105 0.454
Table 3
Talking | Time (min) | Generated energy (mJ)
type
Greeting 15 35
Talking aloud 5 0.825
Reading poetry| 10 0.96
Reading text 30 0.306
Discussion 120 8.2
Total 180 13.8
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