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Abstract
This paper focuses on improving the past performance of ear canal energy harvesting by
developing a piezo-earpiece prototype and a multiphysics finite element method to integrate
more complex and effective piezoelectric structures. The proposed handmade piezo-earpiece
prototype is a custom-moulded soft earpiece wrapped in a layer of flexible polyvinylidene
fluoride. A finite element model is developed in order to estimate the energy harvesting
capability of the piezoelectric layer. A prototype of the energy harvester is fabricated and
tested. The experimental results show that the proposed device is able to generate 44 μJ of
energy corresponding to an average value of 70 μW per jaw opening and closing cycle.
Simulation of energy harvesting based on the finite element method is validated by the
experimental results, thus confirming it as a versatile tool to model, optimize and evaluate the
performance of other types of flexible piezoelectric structures for in-ear energy harvesting
applications.
Q1 (Some figures may appear in colour only in the online journal)

1. Introduction

or unsuitable for hearing devices. For example, harvesting
kinetic, strain and thermal energy requires wearing headbands,
sunglasses, breathing masks, etc, which might be unattractive
to passersby. Electrochemical processes are likely to interfere
with vital functions or require medical operations. In the
case of solar, radiant and acoustic energy, the fundamental
dependence upon the amount of energy available in the area
of application as well as the limited size of in-ear devices
eliminate the possibility of using such applications.
Ear canal dynamic motion has been recently proposed
as a human body source of energy [9]. Indeed, ear canal
dynamic motion offers the convenient and obvious advantage
of proximity between power supply and in-ear device,
so as not to affect the wearer’s comfort and appearance.
Dynamic movement within the ear canal originates from jaw
movements, the range of which varies among individuals. The
maximum available power from this dynamic motion averaged
in a group of 12 subjects is estimated to be 11.5 mW [9]. Also,
it is estimated that one can typically obtain 7.3 J of chewing
energy per day from ear canal dynamic motion which is equal

Recent advances in portable or wearable electronic devices
have remarkably reduced their power consumption needs and
increased the probability of using energy harvesting from the
human body or environment to power them. In-ear devices
such as hearing aids, smart hearing protectors, digital earplugs
TM
and Bluetooth communication earpieces, for instance, make
up for a significant portion of wearable electronic devices that
could use energy harvesting technology. Energy harvesting
could also help break away from the widespread dependence
on batteries, reduce the associated operational costs and
provide more autonomy and ease to users. Among human
body or environmental sources of energy, head movement
(kinetic energy) [1], muscle force (strain energy) [2], neck
tissue warmth (thermal energy) [3], breathing (kinetic energy
of air) [4], endocochlear potential (electrochemical energy)
[5], ambient light (solar energy) [6], radio waves (radiant
energy) [7] and sound pressure (acoustic energy) [8] exhibit
the highest potential for wearable or implantable hearing
systems. However, these sources have proven either too limited
0960-1317/13/000000+08$33.00
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Table 1. Comparison between different types of piezoelectric
materials.
Material

d33
(pC/N)

k33
(%)

Manufacturer or
bibliography reference

PZT-5A
PVDF
PFC
PZT-Ribbons

380
−33
550
101

70
17
67
–

CTS Corporation, UK
Measurement Specialties, USA
Advanced Ceramics Inc., USA
[12]

to the energy consumption of a 1 mW hearing aid during
2 h [10].
Although researchers have investigated multiple means of
harnessing bio-mechanical activities such as ear canal dynamic
motion into electrical power, using piezoelectric materials
seems to be most compatible with in-ear applications [10].
Applying strain energy to these materials deforms their electric
dipoles and produces a charge that can be drained from the
material and used to power other devices [11].
The type of piezoelectric material can substantially
influence the harvester’s functionality and performance.
The most common type of piezoelectric material used in
power harvesting applications is lead zirconate titanate, a
piezoelectric ceramic, known as PZT. However, it can be
extremely brittle and cannot absorb the strains that normally
occur from ear canal dynamic motion. Flexible piezoelectric
materials would be a better choice for such environments.
They are able to withstand extensive strain which in turn
provides more mechanical energy available for conversion
into electrical energy, and their flexibility facilitates their
integration with the compliant material of earpieces and the
inner linings of the ear canal.
Another common piezoelectric material that exhibits
considerable flexibility when compared to PZT is
polyvinylidene fluoride (PVDF) which is a bio-compatible
piezoelectric polymer. The cost of achieving this
flexibility results in losing a considerable amount of the
electromechanical coupling. To overcome this limitation,
researchers have developed and tested other flexible yet
more efficient materials such as piezoelectric ribbons [12],
piezoelectric fiber composite (PFC) and piezoelectric fine
wires [13]. Most of these materials consist of highly efficient
ceramic piezoelectric elements in the form of ribbons, fibers
or wires that are printed, embedded or integrated onto flexible
and stretchable substrates, resulting in a material with all the
desirable properties of piezoceramics as well as the flexibility
of piezo polymers. The properties of certain piezoelectric
materials are compared in table 1, in which, d33 is the direct
charge coefficient that relates strain and charge, and k33 is
the direct electromechanical coupling coefficient calculated
by [14]

Y
k33 =
(1)
d33,
ε
in which Y is Young’s modulus of elasticity and ε is the
dielectric constant. The electromechanical coupling coefficient
is an indication of the material’s ability to convert mechanical
energy into electrical energy. In table 1, flexible piezoelectric
materials with larger charge and coupling coefficients (such

Figure 1. Transverse plane of the ear canal seen from top of the
head: (1) entrance section, (2) first bend section, (3) second bend
section, and (4) eardrum section.

as PFC and PZT-Ribbons) have higher potential for energy
conversion. However, these piezoelectric composite materials
are highly anisotropic and exhibit maximum piezoelectricity
along the direction of embedded elements. Therefore,
any probable application of these materials for in-ear
energy harvesting requires a comprehensive electromechanical
modeling of the system in order to find the best orientation of
piezo elements within the system.
The first attempts to harvest energy from ear canal
dynamics involved two energy harvesting devices, one of
which was made of a ring-shaped layer of PVDF [10].
However, the output power of this mechanism was only
0.2 μW, notably less than the power available from ear canal
dynamics.
Thus, the main objective of this paper is to improve the
performance of piezoelectric devices for energy harvesting
from ear canal dynamics. This shall be achieved by developing
a so-called piezo-earpiece made by wrapping a custommoulded earpiece in a thin layer of PVDF. Another significant
objective of this paper is to develop a multi-physics modeling
approach based on finite element methods to design, analyze
and optimize in-ear energy harvesters made of more effective
but complicated piezoelectric structures such as those listed in
table 1.
The rest of the paper is organized as follows. Section 2
studies ear canal dynamics and provides visual aspects of its
motions. The simulation model is developed in section 3 and
the experimental setup is presented in section 4. The simulation
and experimental results are discussed in section 5 and are
followed by conclusions in section 6.

2. Ear canal dynamic motion
The human ear canal is the part of the auditory system
that transfers external sound to the eardrum and mechanical
structures of the middle ear. Approximately two thirds of the
ear canal is cartilaginous and soft, and the innermost third is
surrounded by the mastoid bone as shown in figure 1. In this
figure, the ear canal is seen from top of the head and terms
anterior and posterior indicate forward (face) and rearward
2
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(a)

(b)

Figure 2. Visual aspects of the custom-moulded earpieces: open-jaw (dotted green) and closed-jaw (solid orange). (a) Overlay of earpieces.
(b) Cross section of earpieces and their center axes.

(a)

(b)

Figure 3. Piezo-earpiece made of a custom-moulded soft earpiece covered by a PVDF layer.

3. Piezo-earpiece energy harvester

(back) directions, respectively. The ear canal starts at the
entrance plane in section 1 and ends at the tympanic membrane
or eardrum in section 4. Most ear canals have two turns or
bends which can be distinguished in section 2 (first bend) and
section 3 (second bend) of figure 1.
While the bone structure of the ear canal hardly changes,
the soft tissues frequently change shape by the mandibular
condyle of the temporomandibular joint (TMJ). The TMJ is
the joint of the jaw bone, commonly referred to as the jaw
joint, that connects the lower jaw bone or mandible to the
temporal bone. During jaw movement (e.g. chewing), the
mandible moves and the condyle of the mandible rotates
and translates. Thus, it deforms the ear canal and changes
its geometry. Reference [9] provides a geometrical approach
to quantitatively measure the ear canal shape changes while
opening and closing the mouth. This method is based on
obtaining the ear canal center axis curve by laser scanning
of ear impressions taken at two jaw positions: open-jaw and
closed-jaw positions. Then, the virtual image of the two
impressions is digitally combined and numerically analyzed.
Overlays of these two earpieces for a typical subject’s left
ear are presented in figure 2. In this figure, the dotted
green and solid orange bodies represent open-jaw and closedjaw impressions, respectively. Also, the center axis curve
representing the center of the ear canal can be seen in
figure 2(b) for both earpieces. One can observe that the closedjaw impression is smaller in some areas and contracts to a
varying degree between the entire span of the second bend and
the entrance plane. However, most of this contraction occurs at
the anterior part of ear canal where the mandibular condyle is
located. Ear canal deformation will be used in the next section
to design an appropriate piezoelectric energy harvester.

3.1. System design
The proposed piezo-earpiece energy harvester device consists
of a soft earpiece surrounded by a PVDF piezoelectric
layer as shown in figure 3(a). The earpiece is a custommoulded earplug (SonoCustomTM , Sonomax Technologies
Inc., Canada) and the moulding material is liquid silicon rubber
(MED-4910, NuSil Technology, USA). The piezoelectric layer
is made of a 110 μm-PVDF piezo film sheet (Measurement
Specialties Inc., USA) with metalized silver ink electrodes
on both sides as shown in figure 3(b). The piezo film covers
sections 1–3 of the ear canal as demonstrated in figure 1.
The moulded earpiece is flexible and soft. It allows the
wearer to feel comfortable even when he opens and closes his
mouth, because the softness of the earpiece enables it to follow
the ear canal as it expands and contracts. The deformation
of the earpiece applies mechanical strain to the PVDF layer,
and consequently produces an electrical charge due to the
electromechanical coupling of the PVDF as a piezoelectric
material.
3.2. Finite element analysis
R
COMSOL Multiphysics
(Comsol AB, Sweden) finite
element analysis software was used to investigate the
characteristics and performance of the designed piezoearpiece. The model is composed of three geometrical
domains: the earpiece, the PVDF layer and the condyle of
the mandible.
The earpiece’s geometry is obtained by 3D laser scanning
of custom-moulded earpiece and is represented by a linear

3
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(a)

(b)

(c)

Figure 4. Mechanical boundary conditions applied to the piezo-earpiece simulating model. (a) Non-radial displacement constraint.
(b) In-plane displacement constraint. (c) Fixed constraint (posterior part).

elastic material model whose Young’s modulus, Poisson’s ratio
and density are 1.5 MPa, 0.45 and 1070 kg m−3 , respectively.
All values are from the manufacturer’s technical manual.
The PVDF film is modeled as a piezoelectric material by
using the following strain-charge constitutive relation:
S = sE T + dT E
D = dT + ε0 εr E,

(2)
(a)

where T, S, E and D are the re-ordered components of stress,
strain, electric field and electric displacement, respectively. ε0
is the permittivity of free space equal to 8.854 × 10−12 F m−1 ,
εr is the relative permittivity, sE is the compliance matrix and
d is the coupling matrix. The latter three terms are material
specific. Numerical values defining PVDF piezoelectricity
were obtained from [15] and are defined as follows:
⎡
⎤
0 0
0
0
−27 0
0
−23
0
0⎦ × 10−12 CN−1 . (3)
d=⎣0 0
23 23 −33
0
0
0

Figure 5. Electrical boundary conditions applied to the PVDF layer.
(a) Ground. (b) Floating potential.

3.2.1. Boundary conditions and constraints. Ear canal
dynamic behavior determines which boundary conditions are
needed in the model. The structural boundary conditions are
shown in figure 4
The tip of the earpiece shown in figure 4(a) is mostly
located at the bony segment of the ear canal where the canal’s
diameter and shape does not change. Therefore, the radial
displacement at this section is set to zero. Likewise, the
earpiece is prevented from being ejected from the ear canal
during jaw joint movement. This implies a zero displacement
condition along the direction normal to the entrance plane
at the out-of-canal section of the earpiece as depicted in
figure 4(b). We know from figure 2 that ear canal dynamic
motion mostly occurs at the anterior part of the ear canal.
As a result, the posterior part of the earpiece is not radially
displaced as presented in figure 4(c).
Electrical boundary conditions contain a ground at the
exterior and floating voltage at the interior electrodes of the
PVDF layer as shown in figure 5.
Two constraint pairs are added to define mechanical
interactions between different parts of the model: a contact
pair is defined between face-to-face boundaries of the condyle
sphere and PVDF layer and one identity pair is specified
between interior boundaries of PVDF layer and exterior
boundaries of the earpiece in the in-the-canal section. Finally,
a deformation is created by moving the condyle toward the
earpiece as shown in figure 6.

The compliance matrix, sE of the PVDF was deduced
.
from its stiffness matrix using the relationship, sE = c−1
⎤E
⎡
39.5 −10.2 −25.4
0
0
0
⎥
⎢−10.2 42.0 −19.5
0
0
0
⎥
⎢
⎢−25.4 −19.5 99.9
0
0
0 ⎥
⎥
sE = ⎢
⎢ 0
0
0
1.82
0
0 ⎥
⎥
⎢
⎣ 0
0
0
0
1.69
0 ⎦
0
0
0
0
0
1.43
×10−12 m2 N −1

(b)

(4)

The relative permittivity, εr of the PVDF film can be
obtained from the manufacturer’s catalog [16]:
⎡
⎤
12 0
0
(5)
εr = ⎣ 0 12 0 ⎦
0
0 12
According to the manufacturer, the Youngs modulus and
Poisson’s ratio are 3 GPa and 0.34, respectively. In order
to obtain the radially polarized PVDF layer, a cylindrical
coordinate system is defined in such a way that its z-axis is
directed along the center axis curve of the ear canal.
In addition, the condyle of the mandible is modeled as an
ideal sphere with a radius of 3.6 mm that corresponds to the
mean height of the human condyle [17]. This sphere is used
to apply deformation on the system and hence, its material
properties do not influence the simulation results.

3.3. Simulation results
Each jaw movement cycle is composed of two phases: jawopening phase and jaw-closing phase. Since the ear canal
deformation is studied in the jaw-closing phase (from open to
4

J. Micromech. Microeng. 23 (2013) 000000

A Delnavaz and J Voix

Figure 7. Surface deformation of the PVDF layer for the best
mechanical simulation result.
Figure 6. Mandibular condyle is represented by a sphere with a
radius of 3.6 mm that corresponds to the mean height of the human
condyle [17].

closed jaw position), the open-jaw earpiece is imported into the
finite element modeling software as an undeformed geometry.
After setting the aforementioned boundary conditions and
creating the mesh, the simulation starts by moving the
sphere (mandibular condyle) toward the earpiece model
that represents the jaw-closing action. The position and
displacement of the sphere determine how and how much
deformation is created in the earpiece and subsequently in the
attached piezoelectric layer. By considering the overlays of
earpiece models shown in figure 2 and examining the possible
sphere maneuvers to produce such a deformation, the sphere
position and displacement are chosen in an iterative approach
such that the best match between simulated piezo-earpiece
model and digital ear impression model is obtained. The
surface deformation of the PVDF layer for the best match
or the best mechanical simulation result is demonstrated in
figure 7.
The criterion to choose the best mechanical simulation
result is based on the comparison between geometrical
parameters of the simulated (deformed) model with the
parameters obtained from the closed-jaw ear impression.
These geometrical parameters include the diameter and
curvature of earpieces and are presented in figure 8 for a
given condyle sphere position and displacement. In this figure,
the horizontal axis gives the distance from the entrance plane
along the center axis curve. The method of calculating these
parameters can be found in [9]. Figure 8 includes three curves
representing geometrical parameters of the open-jaw earpiece,
closed-jaw earpiece and closed-jaw simulated model. The first
two models are obtained from 3D scanning of ear impressions
and the last one is extracted from the simulation results.

(a)

(b)

Figure 8. The best mechanical simulation result showing the best
match between geometrical parameters of the closed-jaw earpiece
models obtained from ear impression scanning and piezo-earpiece
simulation. Center axis distance is measured from the entrance
plane along the center axis curve.

By comparing the geometrical parameters of the simulated
model with the parameters of the digital ear impression model
in the closed-jaw position, one can observe a quite satisfactory
match between them (dotted red and dashed green curves in
figure 8). It is the best obtained simulation result that proves
the effectiveness of the proposed model for the mechanical
aspect and guarantees the validity of simulated parameters for
the electrical aspect. These electrical parameters are produced
voltage, charge and energy in the PVDF layer whose values are
about 323 V, 136 nC and 23 μJ, respectively. Since the earpiece
is made of a flexible compliant material, it is quite reasonable
to assume similar but opposite direction mechanical strains
5
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(a)

(b)

(c)

(e)

(d)

Figure 9. Experimental setup (Dimensions are in mm). (a) Flattened PVDF layer. (b) PVDF layer. (c) Prototype of piezo-earpiece.
(d) Piezo-earpiece mounted on the headset. (e) Measuring setup.

and hence, equal voltage and energy production during the
jaw-opening phase.

by [10]
Q = 2CpVdc (n) 1 −

4. Experimental setup

n −1

+ Qleak + 4VdropCp
(7)

where Qleak is a charge leakage at each phase, Vdrop is a
voltage drop across the diodes in forward-bias and Vdc (n) is
the capacitor voltage after n jaw movement phases.
The circuit shown in figure 9(e) was used with Schottky
diodes and a ceramic capacitor. The load capacitor had the
capacitance of CL = 24 μF with a measured leakage resistance
higher than 10 G. The measured forward voltage drop of
Schottky diodes was Vdrop = 0.4 V and their inverse leakage
currents were measured to be less than 0.1 nA at 4.5 V. The
ac and dc voltage of the system were measured before and
after the rectifier bridge (Vac and Vdc in figure 9(e)) during 18
consecutive jaw opening and closing cycles. All measurements
were carried out with the 10X oscilloscope probe and results
are presented in figure 10. The first graph of this figure
demonstrates Vac with an average frequency and amplitude
of 1.2 Hz and 5 V, respectively. The second graph shows
that Vdc rises exponentially and reaches around 0.2 V after 18
full cycles. The mean charge and associated energy produced
in each phase are calculated to be 133 nC and 22 μJ from
equations (7) and (6), respectively.

A prototype of the piezo-earpiece was custom made for the
subject whose ear canal dynamic motion was simulated in the
previous section. First, the piezoelectric layer was cut from a
PVDF piezo-film sheet according to the flattened geometry of
the 3D earpiece model as shown in figure 9(a). The obtained
PVDF layer presented in figure 9(b) was then attached to
the custom-moulded earpiece as shown in figure 9(c). Note
that its tail-like portion can be conveniently attached to wires
outside the ear canal. Then this hand-made piezo-earpiece was
mounted on a headset and inserted into the ear canal as shown
in figure 9(d). The piezo-earpiece and its tail-like portion was
secured against any uncontrolled movement during the test
to prevent biasing the experimental measurements. Finally,
figure 9(e) shows the measuring setup adopted to test the
prototype when jaw joint movements are applied. In this
setup, the charge produced by the piezo-earpiece is stored in a
capacitor with a known capacitance (CL ) while an appropriate
diode bridge provides full-wave rectification. The generated
energy (E p ) in each phase of jaw movement can be obtained
by
Ep =

CL − Cp
CL + Cp

1 Q2
2 Cp

5. Discussion
(6)
The simulation and experimental results of the piezo-earpiece
presented in the previous sections are summarized in table 2.
Theoretical achievements and experimental findings can be
divided in several categories as follows.

in which Cp = 0.4 nF is the piezo-earpiece capacitance and
Q is the generated charge which is assumed to be always the
same for each of the jaw movement phases and is calculated
6

J. Micromech. Microeng. 23 (2013) 000000

A Delnavaz and J Voix

this value by the average frequency of the chewing cycle,
1.57 Hz [18], yields a power of 70 μW during normal
mastication. The piezo-earpiece prototype is a substantial
improvement on the PVDF piezo-ring power scavenger
proposed in [10].
• Recent advances in various aspects of hearing aid
technologies such as signal-to-noise ratio modulators,
digital signal processors and digital/analogue converters
have been able to reduce the power consumption of digital
hearing aid chips to less than 100 μW [19] without
degrading their performance. Therefore, the proposed
piezo-earpiece would be capable of supplying the major
part of the power needed by the main components of
digital hearing aid chips.
• The piezo-earpiece used in this experiment is made of
soft medical-grade silicon rubber, partially wrapped in a
very thin and flexible layer of PVDF. Its overall rigidity is
less than harder earpieces normally used in the hearing
aid industry. Therefore, it does not create excessive
localized pressure to the ear canal walls nor does it create
discomfort.
• The intermittent power produced cannot be used to
supply hearing aid electronic directly. A conditioning
circuit whose input impedance is matched with the output
impedance of the piezo-earpiece would be required to
achieve optimal power harvesting and supply [20]. This
energy must be stored in a rechargeable battery or
supercapacitor in order to effectively supply continuous
power to the hearing aids or any other in-ear electronic
device.

(a)

(b)

Figure 10. Experimental results for ac and dc voltage of the system
shown in figure 9(e) for 18 consecutive jaw opening and closing
cycles. (a) Piezo-earpiece voltage versus time. (b) Capacitor voltage
versus number of jaw opening and closing cycle.
Table 2. Simulation and experimental results for one phase of jaw
movement cycle.
Parameters

Experiment

Simulation

Voltage (V)
Charge (nC)
Energy (μJ)

5a
133
22

323
136
23

a

Average amplitude of piezo-earpiece
voltage measured with 10X oscilloscope
probe.

6. Conclusion

• According to the first row of table 2, the measured piezoearpiece voltage (Vac ) is much lower than the simulated
voltage. The main reason for this is that the impedance
of the piezo-earpiece at the frequency of jaw movement
is higher than the typical resistance of the 10X test probe
(10 M). Therefore, a voltage divider is formed by the
series connection of the piezoelectric capacitance and
the probe resistance and hence, only a small portion of the
source voltage appears in the oscilloscope. Unfortunately,
the voltage reduction is a function of the frequency of jaw
joint movement which varies from jaw-opening to jawclosing phase, and from one cycle to another. Therefore,
it would be very challenging to attempt to correct for the
true ac voltage.
• Unlike Vac , the load capacitor voltage (Vdc ) was measured
in a parallel configuration of the capacitor and probe. It
gives a true reading of Vdc and makes the calculation of
produced charge (equation (7)) and energy (equation (6))
reliable. These values are presented in the second and
third rows of table 2 and are consistent with the simulation
results.
• The piezo-earpiece prototype could harvest 22 μJ of
energy from each phase of jaw movement. Assuming two
phases in each cycle, 44 μJ of energy per cycle of opening
and closing the jaw was produced in total. Multiplying

This paper presented the use of a piezo-earpiece obtained from
a custom-moulded soft earpiece wrapped in a flexible layer
of PVDF for micro-power energy harvesting from the ear
canal dynamic motion. A multiphysics finite element modeling
was developed to simulate the mechanical deformation and
electrical power generation capability of the device. For
the mechanical modeling, the best simulation results were
achieved through an iterative process of geometrical matching
between the virtually deformed earpiece model and digitally
scanned ear impression model in the closed-jaw position. For
the electrical modeling, the produced energy was computed
from the previous mechanical simulation result and was
estimated to be reaching 23 μJ per jaw movement phase
of opening or closing the mouth. A handmade prototype of
piezo-earpiece was fabricated and tested. The experimental
results show that up to 22 μJ could be successfully harvested in
each jaw movement action. The excellent agreement between
the simulation results and the experimental measurements
validates the modeling approach developed and suggests that
it is an appropriate tool to model other types of piezoelectric
materials integrated into soft earpieces. Finally, the average
output power of the prototype device is 70 μW that represents
a major improvement over the previously proposed piezoring device [10]. By improving the proposed energy harvester,
using more efficient piezoelectric material and continuing to
7
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reduce the power requirements of electronic devices, it is
foreseeable in the near future that piezoelectric-based energy
harvesting from ear canal dynamic motion could at least
partially and eventually fully supply the needed power for
hearing devices, electronic hearing protectors or any other
electronic in-ear device.
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