IEEE SENSORS JOURNAL - FOR PEER REVIEW

1

Piezoelectric Earcanal Deformation Sensor
Johan Carioli, Aidin Delnavaz, Ricardo J. Zednik, Jérémie Voix

Abstract—The earcanal shape is unique for each human being
and temporarily changes when the jaw moves due to eating,
chewing or speaking. The earcanal deformation can be studied
by the geometrical analysis of a distorted earpiece custom fitted
inside the earcanal, but the distortion of the earpiece is complex
in nature and complicated to analyze. An earcanal deformation
sensor consisting of a thin piezoelectric strip attached to a
custom-fitted earpiece is presented in this paper. An analytical
approach based on computing the geometrical parameters of
distorted and undistorted earpieces is developed to model the
electromechanical behavior of the piezoelectric strip for sensing
the bending components of the earcanal deformation. The theoretical model is experimentally validated. The proposed approach
provides a reliable tool to measure the bending of any curved
body in general, and custom-fitted earpieces in particular. It,
therefore, enables designing of versatile in-ear sensors capable
of tracking jaw activity and evaluating the energy capacity of
earcanal deformation for in-ear energy harvesting purposes.
Index Terms—Earcanal deformation, Piezoelectric sensor,
Bending of curved surfaces

I. I NTRODUCTION
The earcanal is mostly known as the outer part of the human
auditory system, however it can offer a variety of sensory
applications beside hearing [1]. Heart rate can be monitored by
measuring the pressure variance of the surface of the earcanal
using a pieozelectric film sensor [2]. Pulmonary monitoring
can be done by using pulse oximetry sensors placed inside the
earcanal [3]. Brain waves or electroencephalography (EEG)
signals can be successfully recorded using either instrumented
earpieces worn inside the earcanal [4] or an array of electrodes
located around the earcanal [5]. Body temperature can be
accurately measured through the earcanal using an infrared
tympanic membrane thermometer [6]. In addition, certain
tongue movements are detectable by measuring the airflow
to or from the ear given the connection of the ear to the oral
cavity via the Eustachian tube [7].
Some in-ear sensors are based on the earcanal deformation.
Although the earcanal is often considered morphologically
rigid, jaw movements change its shape when chewing, talking
or even smiling [8]. An Outer Ear Interface (OEI) including
some optical proximity sensors has been developed to measure
the lower jaw location from the volume expansion in the
earcanal [9]. More recently, an in-ear electric field sensing
device has been proposed to measure the earcanal deformation
based on the impedance measurement of the electrode-skin
contact inside the earcanal to control consumer wearables
[10]. Other applications are also conceivable for earcanal
deformation sensors: jaw gesture detection [9], food intake
monitoring [11] and silent speech recognition [12] are a few
examples. Unfortunately, measuring the deformation of the
earcanal is particularly challenging due to the non-uniform
shape of the earcanal and the complex strains exhibited.

In addition, earcanal deformation and its associated dynamic
movements are proven to be a promising source of kinetic
energy readily available to power in-ear devices such as
hearing aides, electronic hearing protections and Bluetooth
communication earpieces [13]. A hydro-electromagnetic energy harvester has been developed to convert the earcanal
dynamic movements into electricity [14]. Also, an earplug
wrapped in a layer of piezoelectric material has been shown
to generate an electric potential from the dynamic movements
of the earcanal [15]. Given the variation of earcanal shape and
deformation among individuals, earcanal deformation sensors
can help to estimate the energy potentially available from these
dynamic movements during daily activity.
All earcanal deformation sensors proposed so far are active
and require an external source of power to operate. A passive
earcanal deformation sensor consisting of a piezoelectric strip
integrated into a custom-fitted earpiece is presented in this
paper. Since any earcanal deformation can impose mechanical
loads on an earpiece placed inside the earcanal, the strain
resulting from the distortion of the earpiece can be converted
into electricity by a piezoelectric sensor. The design of an
appropriate earcanal deformation sensor requires a better understanding as to how the earcanal deforms and how the
earpiece fitted inside the earcanal gets distorted. Any complex
distortion in the shape of the earpiece can be characterized
by a combination of three basic mechanical loadings: (1)
compression, (2) torsion and (3) bending. It has been shown
by the authors that the energy associated with the bending
generally surpasses the energy of compression and torsion
[16]. Therefore, this paper focuses on measuring the bending
strain components of the earcanal deformations.
Piezoelectric devices are most commonly researched and
used for strain sensor applications. Polyvinylidene fluoride
(PVDF) is a polymer-based piezoelectric material that is
widely used in sensors [17], transducers [18], surface acoustic
wave devices [19] and energy harvesting systems [20]. The
main advantages of PVDF are its ruggedness, flexibility, and
chemical inertness. Moreover, PVDF is bio-compatible and
therefore suitable for body-worn sensors. PVDF subjected to
axial loading has been extensively investigated in the literature
[21]. Moreover, PVDF under buckling has been used for
sensory applications [22]. In addition, the ability of PVDF
sensors array to measure the bending strain on the flat surface
of the structure has been proven [23], however, the physics of
the pure-bending piezoelectric response of a PVDF film is not
well understood [24].
This paper presents an analytical approach to model the
PVDF sensor subjected to the bending of curved surfaces
in general and the bending of earpieces in particular. Since
the earcanal exhibits a considerable bending range during
its dynamic movements, the boundary conditions needed for
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buckling or stretching are hardly applicable for earcanal deformation sensors. PVDF follows the constitutive equations
of piezoelectricity [25] and its behavior can, in principle, be
modeled by finite element methods (FEM) [15]. However,
given the complex geometry and the poorly characterized
deformation of the earcanal, FEM techniques cannot be easily
adopted for this problem. Therefore, an analytical model based
on the coupled analysis of 3D geometrical analysis and beam
bending stress analysis is proposed to model the earcanal
deformation sensor. The proposed model is experimentally
validated using a PVDF bending sensor designed, fabricated,
and tested in order to transform the bending distortion of the
earpiece into detectable electric potential.
The rest of the paper is organized as follows: The analytical
model of the in-ear bending sensor is developed in Section
II. The experimental setup and procedure is elaborated in
Section III. The results are discussed in Section IV followed
by conclusion in Section V.
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Fig. 1. Earcanal and piezoelectric earcanal deformation sensor

II. A NALYTICAL MODELING
The earcanal contains two distinct bends in two different
planes separated by an inflection point. The proposed inear bending sensor consists of a PVDF strip attached to an
earpiece extended over the second bend, as shown in Fig. 1.
The PVDF strip covers both bends on the anterior side of
the earcanal where maximum deformation occurs. By opening
and closing the jaw, the condyle of the mandible is slightly
displaced, changing the curvature of the bends, and resulting
in bending of the PVDF strip. This bending can be estimated
by computing the variation of the curvature of the earpieces.
Therefore, the theoretical modeling of the PVDF earcanal
deformation sensor comprises four sections: deformation of
the earcanal is first investigated by geometrical analysis of
custom earpieces fitted at the two extreme positions of the
jaw, i.e. open-jaw and closed-jaw, to estimate the bending
moment applied to the PVDF earpiece. Then, the mechanical
model is developed to calculate stresses applied to the PVDF
strip based on the estimated bending moment. Afterwards, the
piezoelectric model is constructed to obtain the PVDF induced
voltage. Finally, an electrical model is used to calculate the
electric potential across a resistive measuring probe.
1) Geometrical analysis: A white light 3D scanning technology (Shining 3D R , Hangzhou, China) was employed
to obtain 3D point clouds of 4 custom-fitted earpieces (2
closed-jaw and 2 open-jaw earpieces) obtained using the
SonoFitTM custom fitting system (EERS, Montreal, Canada) as
shown in Fig. 2. The obtained dense point clouds were then
analyzed based on the work presented by Stinson [26] enabling
the computation of diameter, curvature and torsion of the
scanned earpieces. In this paper, the focus is on the curvature
of the center axis and the diameter of the cross section slices,
as these two parameters are later used to calculate bending.
According to Stinson’s previous works, the center axis of
the earpiece can be obtained by an iterative approach based
on the Serret-Frenet coordinate framework. Each coordinate
framework is characterized by an orthonormal set of three basic vectors (ŝ, n̂, b̂) where the first is tangent to the center axis,

Fig. 2. Earcanal molding in the open-jaw position

the second is perpendicular to the center axis and directs to
the apparent origin of curvature, and the third is perpendicular
to both previous vectors. Typical point clouds representing the
earpiece and a Serret-Frenet coordinate framework are shown
in Figure 3.

Fig. 3. Earplug point cloud with Serret-Frenet framework

Figure 4 illustrates the diameter and curvature variations
along the center axis curve for open-jaw and closed-jaw earpieces obtained from 3D point cloud models. Each curvature
plot has two maximums corresponding to two opposing bends
and a minimum representing the inflection point after which
the curvature changes its direction. The diameter and curvature
plots shown in Fig. 4 have been aligned using the inflection
point.
2) Mechanical modeling: Since the PVDF strip is initially
deformed to comply with the curvature of the earpiece, and
assuming that the displacements and strains are limited to
small values during earcanal deformation, the Winkler-Bach
curved beam theory is used to calculate the stress applied
to the PVDF strip [27]. A schematic section of the earcanal
bend in the two jaw positions is shown in Fig. 5. The closed
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y, the corresponding stress σ can be calculated using Hooke’s
Law:
#
"

 y
0
(4)
σ = Eε = E ε0 + (1 + ε0 ) κ − κ
1 + κy
where E is the earpiece’s Young’s modulus of elasticity. The
bending moment can be obtained by integrating the moment
of all forces around the center axis
Z
M = σdAy
(5)
Z
ydA = 0 and
Z
1
y2
defining a new geometrical parameter, p2 =
dA,
A
1 + κy
the bending moment M can be written as


M = E(1 + ε0 ) κ0 − κ p2 A
(6)
By substituting Eq. 4 in Eq. 5, knowing

Fig. 4. Diameter and curvature of the earcanal vs. the center axis distance
for 4 scanned custom-fitted earpieces

jaw position is defined as having an angle θ and a radius of
curvature R; upon opening the jaw when applying a bending
momen M , this transforms into an angle φ and a radius of
curvature R0 .

This geometrical analysis does not provide information
about the amount of strain at the center axis, ε0 . However,
since the center axis is close to the neutral axis where the
strain is zero, it is assumed that ε0 is a very small quantity
and can be neglected in comparison to unity. Therefore, the
bending moment equation can be approximated by


M ' E κ0 − κ p2 A
(7)
Also p2 can be estimated by the following first two terms
of the Taylor series expansion for the circular cross section of
the earpiece in the closed-jaw position [27]
d4 κ2
d2
+
(8)
16
128
in which d is the average diameter of the cross section.
Using Eq. 7 as well as the data provided in Fig. 4 and
neglecting the stiffness of the PVDF strip, one can estimate
how much bending was necessary to transform the earpiece
from the closed-jaw to the open-jaw shape. The bending
moment induces stress to the PVDF strip at the exterior surface
where y = c and c is the earpiece cross section radius. By
substituting Eq. 7 into Eq. 4 and simplifying, the axial stress
applied to the PVDF strip is estimated by


Mκ
c
σ=
1+ 2
(9)
A
p κ(1 + cκ)
p2 '

Fig. 5. Earcanal bend for the two jaw positions

Therefore, the strain (ε) at distance y from the center axis
can be calculated by [27]:
ε=

(R0 + y)φ − (R + y)θ
(R0 + y)φ
=
−1
(R + y)θ
(R + y)θ

(1)

Similarly, the strain at the center axis (ε0 ) where y = 0
equals
R0 φ
ε0 =
−1
(2)
Rθ
By removing φ/θ from Eqs. 1 and 2, one can obtain the
strain at an arbitrary distance y as a function of the strain at
the center axis by

 y
(3)
ε = ε0 + (1 + ε0 ) κ0 − κ
1 + κy
where κ and κ0 are the reciprocal of the radius of curvature
or simply the curvature of the closed-jaw and open-jaw earpieces respectively. Knowing the strain at an arbitrary distance

where c is the average radius whose sign is determined
according to the positive direction of the curvature in each
section of the earpiece as shown in Fig. 6.
Since the curvature and diameter vary along the center axis,
all variables and coefficients in Eq. 9 are functions of x, the
center axis distance, and are computed using the data presented
in Fig. 4. The mean axial stress σ in the PVDF strip can then
be calculated by
Z
1 L
σ=
σ(x)dx
(10)
L 0
in which L is the total length of the center axis.
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1
is the capacitive reactance of
2πf CPVDF
the PVDF element whose capacitance is calculated by
in which XC =

S
(14)
t
where S is the active area of the film’s electrode and  is
the permittivity of the material.
CPVDF = 

III. E XPERIMENTAL SETUP

Fig. 6. Two-dimensional modelisation of the in-ear energy harvester showing
the sign of c

3) Piezoelectric modeling: According to the constitutive
equations of piezoelectricity, the open-circuit voltage Voc of
a piezoelectric material subjected to an axial stress can be
calculated by [25]:
Voc = g31 σt

(11)

in which t is the thickness of the piezoelectric film and g31
represents the piezoelectric stress constant. Combining Eq. 7,
9 and 10 and substituting the result in Eq.11 yields:

Voc =

g31 t
L

Z

L


E(κ0 − κ)κ 1 +

0


c
dx
p2 κ(1 − cκ)

The in-ear bending sensor is composed of a custom-fitted
earpiece as shown in Fig. 8(a). The fitting process of this
custom earpiece is based on the proprietary process SonofitTM
developed by the authors industrial partners [30]. In this
method, the ear impression is taken by injecting a medical
grade silicone elastomer, type MED-4910 (NuSil Technology,
USA) into an expandable earpiece. The PVDF sheet is cut into
a 5 mm-wide strip that was attached to the anterior side of the
filled earpiece, as illustrated in Fig. 8(b). Therefore, the initial
curvature of the PVDF strip is the same as the curvature of the
exterior surface of the closed-jaw earpiece. Since the PVDF
strip is located on the exterior surface, it is quite a distance
from the bending neutral axis of the earpiece and hence it is
either in pure stretching or pure compression while the jaw is
opening and closing. Finally, the two electrodes of the PVDF
strip are connected to wires, as shown in Fig. 8(c).

(12)

4) Electrical modeling: The electrical equivalent circuit
[28] of the piezoelectric earpiece and the measuring setup is
illustrated in Fig. 7. The piezoelectric material is modeled by a
voltage source in series with a capacitance CPVDF as depicted
in the figure below. Also, Rprobe represents the resistance of
the measuring probe. Under the periodic excitation with the
frequency of f , the behavior of the piezoelectric thin film is
well established [29].

(a)

(b)

(c)

Fig. 8. (a) Custom-fitted earpiece obtained using the Sonofit instant custom
molding pieces, (b) Earpiece and PVDF strip, and (c) Earcanal deformation
sensor with connecting terminals

The experimental setup consists of a data acquisition system, type NI PXI 1033 (National InstrumentsTM , Austin,
USA) and a passive probe with 10X attenuation, as shown in
Fig. 9. The amplitude and frequency of the earcanal movement
depends on jaw activity and varies among individuals. In
this experiment, the wearer was asked to consecutively move
his jaw between the wide open and relaxed closed positions
at which the ear impressions had been taken. In addition,
the wearer was requested to maintain the frequency of jaw
movements as even as possible. Some intervals of interruption
were also considered during the test to verify system noise
level.

Fig. 7. Electrical model of the piezoelectric earcanal deformation sensor

IV. R ESULTS AND DISCUSSIONS
The capacitance of the PVDF element and resistance of the
probe form a potential divider in which the output voltage,
Vout , is calculated by
Vout =

Rprobe
Voc
Rprobe + XC

(13)

Table I lists the parameters used in the theoretical modeling
and experimental validation of the PVDF earcanal deformation
sensor subjected to earcanal bending. The results are presented
and discussed in this section as to theoretical modeling,
experimental measurements and their comparison.
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Fig. 9. PVDF custom-fitted earpiece placed inside the earcanal of the testsubject
TABLE I
PARAMETERS OF THE EARCANAL DEFORMATION SENSOR IMPLEMENTED
IN ITS THEORETICAL MODEL AND EXPERIMENTALLY VALIDATED ON ONE
SUBJECT

Parameter

Symbol

0

Value

g31

0.216 Vm/N

PVDF Cross section area

S

100 cm2

PVDF Thickness

t

110 µm

Silicone Young’s modulus

E

0.89 MPa

PVDF capacitance

CPVDF

9.6 nF

Probe resistance

Rprobe

10 MΩ

Relative permittivity of PVDF
Piezoelectric constant
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the same jaw position and on the same test subject. Firstly, it is
difficult to keep the jaw at exactly the same position during the
entire earpiece fitting process. This, in particular, influenced
the results for the open-jaw earpieces despite the use of a
“bite block”, a piece placed between the teeth as visible in
Fig. 2. Also, because of the variability of the earpiece molding,
the amount of silicone injected for each ear impression is
not necessarily the same and there is always a risk of over
injection, which influences the earpiece shape [31]. Moreover,
there are some errors associated with the scanning process,
forming of the point clouds and creating of curved surfaces.
Finally, some parameters are adjustable in Stinsons model
and should be determined separately for each earpiece model,
which could affect the results.
Experimental measurements: Figure 10 shows the measured
output voltage of the earcanal deformation sensor. According
to this measurement, the peak value of the output voltage
is approximately 136 mV calculated by averaging all voltage
peaks in the plot with an excitation frequency of f = 0.5 Hz.

Theoretical model: Using the diameter and curvature plots
illustrated in Fig. 4 as well as the parameters given in Table
I, Eq. 12 is numerically evaluated for different pairs of openjaw and closed-jaw earpiece models. The theoretical voltage
output for four pairs (2 closed-jaw × 2 open-jaw) of earpieces
are computed and demonstrated in Table II.
TABLE II
T HEORETICAL PVDF VOLTAGE OUTPUT (VOUT ) COMPUTED FROM THE
TRANSFORMATION OF 2 CLOSED - JAW AND 2 OPEN - JAW EAR MOLDINGS .
VARIABILITY IN THE EARPIECE MOLDING INFLUENCES RESULTS .
Open-jaw No.

Vout (mV)

1

1

51

1

2

118

2

1

278

2

2

100

Earplug pairs

Closed-jaw No.

Average

136

Standard deviation

85

According to Table II, the theoretical output voltage varies
greatly among earpiece pairs. It was predictable by the
relatively large differences between earpiece diameters and
curvatures even at the same jaw position as observed in Fig. 4.
There are many reasons why the geometrical parameters of the
earpieces are not perfectly identical even if they are taken at

Fig. 10. Measure voltage (Vm ) in response to the jaw opening and closing
movements

The proposed earcanal deformation sensor responds well to
each bending moment applied during the jaw movement and
produces a voltage peak for each jaw movement as shown in
Fig. 10. Also, the output voltage is not symmetrical for the
jaw opening and closing phases. In fact, most of the pressure
is applied in the jaw closing phase, as characterized by the
positive voltage values in Fig. 10.
Model validation: The theoretical and experimental output
voltage (Vout ) are compared in Table III. Overall, there is
a good agreement between the theoretical and experimental
results as demonstrated in Table III.
Some of the discrepancy between the theoretical prediction
and experimental measurement can be explained by the uncertainties associated with the earpiece molding, 3D scanning
and geometrical analysis, as discussed above. In addition, the
theoretical values are larger than experimentally observed,
implying that there is less than 100 % real efficiency and that
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TABLE III
C OMPARISON BETWEEN THEORETICAL PREDICTIONS AND EXPERIMENTAL
MEASUREMENTS

Output voltage Vout



Theoretical

Experimental

Difference

150 mV

136 mV

10 %

the PVDF earpiece may not completely follow the earcanal
deformation predicted by the theoretical model. Moreover, the
model is valid when all the stress is applied instantaneously,
while in reality the jaw closing movement is completed in
a second or so. Therefore, the more rapidly the jaw closes,
the more voltage is produced by the PVDF earpiece and the
closer the experimental measurements approach to the model
predictions. This effect can be seen in Fig. 10 for the larger
voltage peaks.
V. C ONCLUSION
In this paper, an analytical approach was developed to
predict the output voltage of a PVDF strip attached to a
custom-molded earpiece capable of measuring the strain associated with the bending of the earcanal. The 3D scanning
of earpieces fitted at two extreme jaw positions was used to
compute the applied bending. The Winkler-Bach theory was
then used to estimate the resulting stresses in the PVDF strip
and finally the PVDF output voltage was calculated using
the piezoelectric constitutive equation. A prototype of the
device was designed, fabricated, and tested to investigate the
accuracy of the developed theoretical model. The theoretical
and experimental results are consistent, supporting the validity
of the theoretical model. The main advantage of the analytical
model is that it enables one to estimate the bending moment
applied by earcanal deformation, which would otherwise be
impossible to measure directly. In addition, it effectively converts a complicated 3D bending problem into a 2D mechanical
model described by geometrical parameters. Therefore, the
proposed theoretical model can be extended to predict any
other stress fields developed within distorted piezoelectric
layers even if the mechanical loads causing the deformations
are unknown or are difficult to measure. The proposed earcanal
deformation sensor can be used for the applications require jaw
movement tracking and enables us to accurately evaluate the
energy capacity of the earcanal dynamic movements to more
efficiently design in-ear energy harvesting devices.
VI. ACKNOWLEDGEMENTS
The authors would like to thank EERS Technologies Inc.
and the NSERC-EERS Industrial Research Chair in In-ear
Technologies for its financial support, and for providing the
required equipment for the experimental setup.
R EFERENCES
[1] J. Voix, “The ear beyond hearing: From smart earplug to in-ear brain
computer interfaces,” in 2017 24th International Congress on Sound
and Vibration (ICSV). London, 2017.

[2] J.-H. Park, D.-G. Jang, J. Park, and S.-K. Youm, “Wearable Sensing
of In-Ear Pressure for Heart Rate Monitoring with a Piezoelectric
Sensor,” Sensors, vol. 15, no. 9, pp. 23 402–23 417, sep 2015. [Online].
Available: http://www.mdpi.com/1424-8220/15/9/23402/
[3] B. Venema, J. Schiefer, V. Blazek, N. Blanik, and S. Leonhardt,
“Evaluating Innovative In-Ear Pulse Oximetry for Unobtrusive
Cardiovascular and Pulmonary Monitoring During Sleep,”
IEEE Journal of Translational Engineering in Health and
Medicine, vol. 1, pp. 2 700 208–2 700 208, 2013. [Online]. Available:
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=6576858
[4] V. Goverdovsky, D. Looney, P. Kidmose, and D. P. Mandic, “In-Ear
EEG From Viscoelastic Generic Earpieces: Robust and Unobtrusive 24/7
Monitoring,” IEEE Sensors Journal, vol. 16, no. 1, pp. 271–277, jan
2016. [Online]. Available: http://ieeexplore.ieee.org/document/7217787/
[5] B. Mirkovic, M. G. Bleichner, M. De Vos, and S. Debener,
“Target Speaker Detection with Concealed EEG Around the Ear,”
Frontiers in Neuroscience, vol. 10, jul 2016. [Online]. Available:
http://journal.frontiersin.org/Article/10.3389/fnins.2016.00349/abstract
[6] G. I. Gasim, I. R. Musa, M. T. Abdien, and I. Adam, “Accuracy of tympanic temperature measurement using an infrared tympanic membrane
thermometer,” BMC Research Notes, vol. 6, no. 1, p. 194, 2013. [Online].
Available: http://bmcresnotes.biomedcentral.com/articles/10.1186/17560500-6-194
[7] R. Vaidyanathan, B. Chung, L. Gupta, H. Kook, S. Kota, and J. D.
West, “Tongue-Movement Communication and Control Concept for
Hands-Free Human&ndash;Machine Interfaces,” IEEE Transactions on
Systems, Man, and Cybernetics - Part A: Systems and Humans,
vol. 37, no. 4, pp. 533–546, jul 2007. [Online]. Available:
http://ieeexplore.ieee.org/document/4244561/
[8] S. Darkner, R. Larsen, and R. R. Paulsen, “Analysis of deformation of
the human ear and canal caused by mandibular movement.” Medical
image computing and computer-assisted intervention : MICCAI ...
International Conference on Medical Image Computing and ComputerAssisted Intervention, vol. 10, no. Pt 2, pp. 801–8, jan 2007. [Online].
Available: http://www.ncbi.nlm.nih.gov/pubmed/18044642
[9] A. Bedri, D. Byrd, P. Presti, H. Sahni, Z. Gue, and T. Starner, “Stick it
in your ear: Building an in-ear jaw movement sensor,” in Proceedings
of the 2015 ACM International Joint Conference on Pervasive and
Ubiquitous Computing and Proceedings of the 2015 ACM International
Symposium on Wearable Computers - UbiComp ’15. New York, New
York, USA: ACM Press, 2015, pp. 1333–1338. [Online]. Available:
http://dl.acm.org/citation.cfm?doid=2800835.2807933
[10] D. J. Matthies, B. A. Strecker, and B. Urban, “EarFieldSensing:
A
Novel
In-Ear
Electric
Field
Sensing
to
Enrich
Wearable Gesture Input through Facial Expressions,” in
humancomputer interaction conference, 2017. [Online]. Available:
http://www.denysmatthies.com/downloads/Matthies EarFS CHI2017.pdf
[11] J. M. Fontana, M. Farooq, and E. Sazonov, “Estimation of
feature importance for food intake detection based on Random
Forests classification,” in 2013 35th Annual International Conference
of the IEEE Engineering in Medicine and Biology Society
(EMBC). IEEE, jul 2013, pp. 6756–6759. [Online]. Available:
http://ieeexplore.ieee.org/document/6611107/
[12] A. Bedri, H. Sahni, P. Thukral, T. Starner, D. Byrd, P. Presti,
G. Reyes, M. Ghovanloo, and Z. Guo, “Toward Silent-Speech Control
of Consumer Wearables,” Computer, vol. 48, no. 10, pp. 54–62, oct
2015. [Online]. Available: http://ieeexplore.ieee.org/document/7310970/
[13] A. Delnavaz and J. Voix, “Ear canal dynamic motion as
a source of power for in-ear devices,” Journal of Applied
Physics, vol. 113, no. 6, p. 064701, 2013. [Online]. Available:
http://link.aip.org/link/JAPIAU/v113/i6/p064701/s1&Agg=doi
[14] A. Delnavaz and J. Voix, “Energy Harvesting for In-ear
Devices Using Earcanal Dynamic Motion,” IEEE Transactions on
Industrial Electronics, vol. In Press, pp. 1–1, 2013. [Online]. Available:
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=6420936
[15] A. Delnavaz and J. Voix, “Piezo-earpiece for micro-power
generation from ear canal dynamic motion,” Journal of
Micromechanics and Microengineering, vol. 23, no. 11, p.
114001, nov 2013. [Online]. Available: http://stacks.iop.org/09601317/23/i=11/a=114001?key=crossref.3cb99bc1e7d22daea810b9163aa2fbfb
[16] J. Carioli, A. Delnavaz, R. J. Zednik, and J. Voix, “Power capacity from
earcanal dynamic motion,” AIP Advances, vol. 6, no. 12, p. 125203, dec
2016. [Online]. Available: http://aip.scitation.org/doi/10.1063/1.4971215
[17] I. Mahbub, S. A. Pullano, H. Wang, S. Islam, A. S. Fiorillo,
G. To, and M. Mahfouz, “A Low Power Wireless Piezoelectric
Sensor Based Respiration Monitoring System Realized in CMOS

IEEE SENSORS JOURNAL - FOR PEER REVIEW

[18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]
[26]

[27]
[28]

[29]

[30]
[31]

Process,” IEEE Sensors Journal, pp. 1–1, 2017. [Online]. Available:
http://ieeexplore.ieee.org/document/7812636/
L. Seminara, L. Pinna, M. Valle, L. Basirico, A. Loi, P. Cosseddu,
A. Bonfiglio, A. Ascia, M. Biso, A. Ansaldo, D. Ricci, and G. Metta,
“Piezoelectric Polymer Transducer Arrays for Flexible Tactile Sensors,”
IEEE Sensors Journal, vol. 13, no. 10, pp. 4022–4029, oct 2013.
[Online]. Available: http://ieeexplore.ieee.org/document/6531646/
D. M. G. Preethichandra and K. Kaneto, “SAW Sensor Network
Fabricated on a Polyvinylidine Difluoride (PVDF) Substrate
for Dynamic Surface Profile Sensing,” IEEE Sensors Journal,
vol. 7, no. 5, pp. 646–649, may 2007. [Online]. Available:
http://ieeexplore.ieee.org/document/4154690/
R. Sriramdas, S. Chiplunkar, R. M. Cuduvally, and R. Pratap,
“Performance Enhancement of Piezoelectric Energy Harvesters Using
Multilayer and Multistep Beam Configurations,” IEEE Sensors Journal,
vol. 15, no. 6, pp. 3338–3348, jun 2015. [Online]. Available:
http://ieeexplore.ieee.org/document/7001612/
K. Kotian, L. M. Headings, and M. J. Dapino, “Stress Averaging in
PVDF Sensors For In-Plane Sinusoidal and Impact-Induced Stresses,”
IEEE Sensors Journal, vol. 13, no. 11, pp. 4444–4451, nov 2013.
[Online]. Available: http://ieeexplore.ieee.org/document/6547688/
Jingang Yi and Hong Liang, “A PVDF-Based Deformation and
Motion Sensor: Modeling and Experiments,” IEEE Sensors Journal,
vol. 8, no. 4, pp. 384–391, apr 2008. [Online]. Available:
http://ieeexplore.ieee.org/document/4455491/
L.-j. Li, D. Li, W.-h. Wang, and J. Han, “Research on the decoupling
method of structure strain measurement based on PVDF sensors array,”
in 2016 Symposium on Piezoelectricity, Acoustic Waves, and Device
Applications (SPAWDA). IEEE, oct 2016, pp. 433–437. [Online].
Available: http://ieeexplore.ieee.org/document/7830041/
L. Seminara, M. Valle, and M. Capurro, “Bending response of PVDF
piezoelectric sensors,” in 2012 IEEE Sensors. IEEE, oct 2012, pp.
1–4. [Online]. Available: http://ieeexplore.ieee.org/document/6411405/
V. K. Varadan, K. J. Vinoy, and S. Gopalakrishnan, Smart Material
Systems and MEMS: Design and Development Methodologies. John
Wiley & Sons, 2006.
M. R. Stinson and B. W. Lawton, “Specification of the geometry of the
human ear canal for the prediction of sound-pressure level distribution,”
The Journal of the Acoustical Society of America, vol. 85, no. 6, pp.
2492–2503, jun 1989.
R. Subramanian, Strength of Materials: Second Edition.
Oxford
University Press, 2010.
A. Romani, R. P. Paganelli, E. Sangiorgi, and M. Tartagni,
“Joint Modeling of Piezoelectric Transducers and Power Conversion
Circuits for Energy Harvesting Applications,” IEEE Sensors Journal,
vol. 13, no. 3, pp. 916–925, mar 2013. [Online]. Available:
http://ieeexplore.ieee.org/document/6305524/
D. A. Sanchez, J. Leicht, F. Hagedorn, E. Jodka, E. Fazel, and
Y. Manoli, “A Parallel-SSHI Rectifier for Piezoelectric Energy
Harvesting of Periodic and Shock Excitations,” IEEE Journal of
Solid-State Circuits, vol. 51, no. 12, pp. 2867–2879, dec 2016.
[Online]. Available: http://ieeexplore.ieee.org/document/7742379/
I. McIntosh and R. Saulce, Expandable in-ear device. US Patent, US6
754 357, 2004.
C. Bacon, A. Delnavaz, and J. Voix, “Acoustical and Geometrical
Properties of Custom Earplugs Obtained with an Automated Fitting
System,” in NHCA Spectrum, 2012.

7

