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Piezoelectric Earcanal Bending Sensor
Johan Carioli, Aidin Delnavaz, Ricardo J. Zednik, and 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 bending sensor
consisting of a thin piezoelectric strip attached to a customfitted earpiece is presented in this paper. An analytical approach
based on computing the geometrical parameters of distorted and
undistorted earpieces is developed to: 1) estimate the average
bending moment and the resulting stress applied to the customfitted earpiece while opening the jaw and 2) calculate the sensitivity of the piezoelectric earcanal bending sensor. The theoretical
model is experimentally validated. The proposed approach can be
applied to measure the bending of any curved body in general,
and custom-fitted earpieces in particular. It, therefore, enables
the 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— Bending of curved surfaces, earcanal deformation, piezoelectric sensor.

I. I NTRODUCTION

T

HE 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
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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 bending
sensors: jaw gesture detection [9], food intake monitoring [11]
and silent speech recognition [12] are a few examples. In addition, earcanal bending sensors can help to estimate the energy
potentially available from the earcanal dynamic movements
as a proof of concept has been recently achieved for energy
harvesting from this source of kinetic energy in the human
body [13].
Direct measurement of the earcanal deformation is particularly challenging due to the non-uniform shape of the
earcanal, the complex strains exhibited and the variation
of earcanal shape and deformation among individuals. To
the best knowledge of the author, all earcanal deformation
sensors proposed so far are active and require an external
source of power to operate. A passive earcanal bending sensor
consisting of a piezoelectric strip integrated into a customfitted earpiece is presented in this paper. Since any earcanal
deformation imposes mechanical loads on an earpiece placed
inside the earcanal, the strain resulting from the distortion of
the earpiece can be measured using a piezoelectric sensor.
The design of an appropriate earcanal bending 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 Carioli et al. [14] that the bending is dominant
in terms of energy associated with its loading. Therefore, this
paper focuses on measuring the bending strain components
appearing as longitudinal compression or stretching of the
earpiece’s fibers due to earcanal deformation.
Among various applications, piezoelectric devices are
commonly researched and used for sensory applications.
Polyvinylidene fluoride (PVDF) is a polymer-based piezoelectric material that is widely used in sensors [15], transducers [16], surface acoustic wave devices [17] and energy
harvesting systems [18]. The main advantages of PVDF are its
ruggedness, flexibility, and chemical inertness [19]. Moreover,
PVDF is bio-compatible and therefore suitable for body-worn
sensors. PVDF subjected to axial loading has been extensively
investigated in [20]. Moreover, PVDF under buckling has been
used for sensory applications [21]. In addition, the ability of
PVDF sensors array to measure the bending strain on the flat
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Fig. 2.

Fig. 1.

Earcanal molding in the open-jaw position.

Earcanal and piezoelectric earcanal bending sensor.

surface of the structure has been proven [22], however, the
physics of the pure-bending piezoelectric response of a PVDF
film is not well understood [23].
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
buckling or stretching are hardly applicable for earcanal
bending sensors. PVDF follows the constitutive equations of
piezoelectricity [24] and its behavior can, in principle, be
modeled by finite element methods (FEM) [25]. 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 3D geometrical analysis and beam bending
stress analysis is proposed to estimate the average bending
moment applied to a distorted earpeice and to calculate the
sensitivity of the developed earcanal bending sensor. The
proposed model is experimentally validated using the PVDF
bending sensors designed, fabricated, and tested for 4 human
test-subjects
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.
II. A NALYTICAL M ODELING
The earcanal contains two distinct bends in two different
planes separated by an inflection point [26]. The proposed
earcanal bending sensor consists of a PVDF strip attached
to an earpiece extended over the second bend, as shown in
Fig. 1. The PVDF strip mostly covers the first bend 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
bend, 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

Fig. 3.

Earplug point cloud with Serret-Frenet framework.

earcanal bending 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 open-circuit
sensitivity of the sensor. Finally, an electrical model of the
measuring setup is developed to calculate the average bending
moment as a function of the sensor voltage output.
1) Geometrical Analysis: A white light 3D scanning technology (Shining 3D® , Hangzhou, China) was employed to
obtain 3D point clouds of earpieces custom fitted in the
closed-jaw and open-jaw positions using the SonoFit™(EERS,
Montreal, Canada) custom fitting system developed by McIntosh and Saulce [27] industrial partner as shown in Fig. 2.
The obtained dense point clouds were then analyzed based on
the work presented by Stinson and Lawton [28] 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,
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.
Figure 4 illustrates the average diameter and curvature
variations along the center axis curve for 2 open-jaw and
2 closed-jaw earpieces obtained from 3D point cloud models
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axis is y can be calculated by [30]:
ε=

(e + y)(φ − θ )
(R O + y)φ − (RC + y)θ
=
.
(RC + y)θ
(RC + y)θ

(2)

The earpiece is made of a silicone elastomer which is considered generally as a linear viscoelastic material formulated
by Kelvin model [31]:
σ = Eε + ηε̇

Fig. 4. Diameter and curvature of the earcanal vs. the center axis distance
for 4 test-subjects.

(3)

in which E and η are respectively Young’s modulus and viscosity of the material and ε̇ represents the rate of variation in
the strain. The degree of viscoelasticity is strongly dependent
upon the extent and the rate at which the earpiece deforms.
Assuming the low strain condition for the earpiece elastomer
material and low frequency of the earcanal movement, one
can conclude that ε̇ is negligible [31]. Therefore, knowing the
strain at an arbitrary distance y, the corresponding stress σ
can be calculated by:
e + y φ − θ 
.
(4)
σ = Eε = E
RC + y
θ
There are two conditions in the case of pure bending [30]:
i)
1) The sum
 of the forces across the cross section is zero,
that is A σ d A = 0,
2) The sum of the moment of the forces about the
 neutral
axis is equal to the moment applied, that is A (e + y)
σ dA = M
By substituting for σ and isolating e, the first of these
conditions yields:

Fig. 5.

Earcanal bend for the two jaw positions.

e = RC − 
for 4 test-subjects. 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 [13], the WinklerBach curved beam theory is used to calculate the stress applied
to the PVDF strip [30]. A δx long section of the earcanal bend
at distance x is schematically shown in Fig. 5 for the two jaw
positions.
The closed jaw position is defined as having an angle θ and
a radius of curvature RC ; upon opening the jaw when applying
a bending momen M, this transforms into an angle φ and a
radius of curvature R O . During this transformation, there must
exist a fiber whose length does not change as represented by
the neutral axis in the figure, therefore,





RC − e θ = R O − e φ

(1)

in which e is the shift of neutral axis from the center axis.
The strain ε at an arbitrary fiber whose distance from the center

A
dA
RC + y

(5)

in which A is the area of cross section and the integral term
depends upon the cross sectional shape. For the circular cross
section of earpieces the neutral axis shift e can be calculated by


1
(6)
2RC − (2RC )2 − d 2
e=
4
where d is the earpiece cross section diameter. Substituting
for σ in the second condition results in
φ − θ 
= M.
(7)
E Ae
θ
The bending moment required to transform the earpiece
from the closed-jaw to the open-jaw shape can be alternatively
presented in terms of the curvature (reciprocal of the radius
of curvature) by combining equations (1) and (7)

 κ −κ
O
C
(8)
M = E Ae
κC − eκC κ O
where κ O and κC are the curvature of the open-jaw and
closed-jaw earpieces respectively.
Since the curvature and diameter vary along the center axis,
all variables and coefficients in Eq. (8) are functions of x, the
center axis distance, and are computed using the data provided
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Fig. 7. (a) Earpiece mold with the PVDF sensor. (b) Earcanal bending sensor.
Fig. 6.

Electrical model of the piezoelectric earcanal bending sensor.

Vout, is calculated by
in Fig. 4. The mean bending moment M can be calculated by
averaging the bending moment over the center axis distance.

E L  κ O − κC 
dx.
(9)
M=
A
L 0
κC − eκC κ O
The bending moment induces stress to the PVDF strip at
the exterior surface where y = d/2. If Eq. (2) is evaluated at
this position for all test subjects using the results presented
in Fig. 4, the maximum strain is calculated to be 0.005 %
which is much less than 1 % which is the limit of the linear
elastic region for the PVDF [29] and hence the very low strain
assumption holds for the PVDF strip as mentioned before.
By substituting Eq. (1) into Eq. (4) and simplifying, the axial
stress applied to the PVDF strip is estimated by
σ =

Md
.
Ae(2RC + d)

(10)

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 [24]:
Voc = g31 σ t

(11)

in which σ is the mean axial stress obtained by averaging
Eq. (10) over the center axis distance, t is the thickness of the
piezoelectric film and g31 represents the piezoelectric stress
constant. The open-circuit sensitivity S of the sensor is then
defined as the ratio between the open-circuit voltage and the
average bending moment:
Voc

.
(12)
M
Given the variation of earcanal deformation among individuals, the open-circuit sensitivity of the bending sensor is unique
for each individual and is calculated by the geometrical data
of earcanal deformations provided in Fig. 4.
4) Electrical Modeling: The electrical equivalent circuit [32] of the piezoelectric earpiece and the measuring setup
is illustrated in Fig. 6. The piezoelectric material is modeled
by a voltage source in series with a capacitance CPVDF . 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 [33].
The capacitance of the PVDF element and resistance of the
probe form a potential divider in which the output voltage,
S=

Vout =

Rprobe
Voc
Rprobe + X C

(13)

1
is the capacitive reactance of
2π f CPVDF
the PVDF element whose capacitance is calculated by
in which X C =

APVDF
(14)
t
where APVDF is the active area of the film’s electrode and
is the permittivity of the material.
Since the sensor voltage output is measured during the
test, one can obtain the experimental bending moment M exp
as a function of sensitivity, electrical circuit parameters and
the output voltage by combining equations (12) and (13) and
replacing for X C :
CPVDF =

M exp =

1
1
Vout.
1+
S
2π f Rprobe CPVDF

(15)

III. E XPERIMENTAL S ETUP
The fabrication process of the earcanal bending sensor is
based on the ear impressions obtained from custom-fitted
earpieces. A two-piece ear mold based on the digital scan
of the closed-jaw earpiece was first designed and fabricated
using a desktop 3D printer (Formlabs, Somerville, USA). The
PVDF sheet (Measurement Specialties Inc., Hampton, USA)
was cut into a 5mm-wide strip and attached to the anterior
side of the ear mold. Then, a medical grade silicone elastomer,
type egger flex/AB-25 shore (egger Otoplastik+Labortechnik
GmbH, Germany) was injected into the mold as illustrated in
Fig. 7(a). The low shore hardness of the silicone elastomer
makes the earpiece remain comfortable for the subjects even
for the maximum earcanal deformation at open-jaw position [35]. Finally, the custom-molded earpiece equipped with
the PVDF bending sensor was extracted form the mold after
the cure as shown in Fig. 7(b). The initial curvature of the
PVDF strip is therefore the same as the curvature of the
exterior surface of the closed-jaw earpiece.
The experimental setup consists of a data acquisition system, type NI PXI 1033 (National InstrumentsTM, Austin, USA)
and a passive probe with 100X attenuation, as shown in
Fig. 8. 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
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TABLE II
T HEORETICAL VS E XPERIMENTAL R ESULTS FOR THE PVDF E ARCANAL
B ENDING S ENSOR FOR F OUR S UBJECTS . C IRCLED N UMBERS
C ORRESPOND TO THE P EAKS M ARKED IN F IG . 9.
All M EANS THE AVERAGE FOR A LL
D ETECTABLE P EAKS IN F IG . 9

Fig. 8.
PVDF custom-fitted earpiece placed inside the earcanal of the
test-subject.
TABLE I
PARAMETERS OF THE E ARCANAL B ENDING S ENSOR

jaw between the wide open and relaxed closed positions at
which the ear impressions had been taken. In addition, the
wearer was requested to change the rhythm (frequency) from
slow jaw movement (approximately one cycle per second) to
the fast jaw movement (the fastest possible for the subject).
Some intervals of interruption including a pause between the
slow and fast jaw movement phases were also considered to
check the system noise level.
IV. R ESULTS AND D ISCUSSIONS
Table I lists the parameters used in the theoretical modeling
and experimental validation of the PVDF earcanal bending
sensor. The results are presented and discussed in this section
as to theoretical modeling, experimental measurements and
their comparison.
5) Theoretical Model: Using the diameter and curvature
plots illustrated in Fig. 4 as well as the parameters given in
Table I, Equations (9) and (12) are numerically evaluated for
each subject and the average bending moment M and the opencircuit sensitivity S are listed in Table II.
According to this table, the variation of sensitivity among
subjects is not correlated with the variation in the average
bending moment. For example, the theoretical results predict nearly the same average bending moment for subjects
#3 and #4 (11.29Nmm and 11.30Nmm respectively), but
the sensitivity of the later is much lower than the former
(5.48 versus 254.70), because the applied bending moments
for Subject #4 distort the earpiece in such a way that the
resulting average stresses cancel each other out. Therefore,

the total sensor voltage output remains limited even if the
average bending moment is considerable, resulting in a poor
sensitivity of the sensor. It further justifies that the earcanal
bending sensor needs to be theoretically analyzed for each
wearer before fabrication and testing to make sure that the
sensitivity of the sensor is appropriate.
6) Experimental Results: Figure 9 shows the measured
output voltage of the earcanal bending sensor for each testsubject. For subjects #1, #2 and #3, the proposed earcanal
bending sensor responds well to each bending moment during
the jaw movement and produces a voltage peak for each jaw
movement. For Subject #4, no obvious peak is detectable.
It is mainly due to the weak sensitivity of the bending sensor
for this particular subject as discussed before that makes the
generated voltage peaks as low as the system noise level and
hence undetectable.
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. 9.
By knowing the sensitivity of the sensor for each subject
and using Eq. (15), the bending moment M exp can be experimentally evaluated for each voltage peak in Fig. 9. Three
representative voltage peaks are chosen and marked for each
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not necessarily the same and there is always a risk of over
injection, which influences the earpiece shape [36]. 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 Stinson’s model
and should be determined separately for each earpiece model,
which could affect the results. Moreover, the model is valid
when all the stress is applied instantaneously, while in reality
the jaw closing movement takes approximately 1 second to
complete.
V. C ONCLUSION

Fig. 9.
Measured voltage (Vout ) in response to the jaw opening and
closing movements. Circled numbers mark the peaks for which the detailed
calculations are presented in Table II.

subject in this figure and their amplitude Vout and frequency f
are given in Table II.
7) Model Validation: The earcanal bending moment predicted by the theoretical model M and obtained through the
experimental measurements M exp are compared in Table II and
the error is calculated in the last column for the average of
all the peaks. Overall, there is a good agreement between the
theoretical and experimental results. In addition, undetectable
voltage peaks for Subject #4 are well predicted by the theoretical model given the small value of the sensor sensitivity
for this subject.
Most of the discrepancy between the theoretical prediction
and experimental results can be explained by the fact that
there was no means during the tests to ensure the subjects
move their jaws between the exact positions for which the ear
impressions were geometrically analyzed. The ear impressions
were taken in two static jaw positions, while the ear bending
were measured during the jaw movements. Consequently, it is
quite possible that the jaw movement cycles occurred between
two extreme positions that do not necessarily correspond to the
analyzed ear impressions. This effect is more pronounced for
the open-jaw position for which a bite block, a piece placed
between the teeth as visible in Fig. 2, was used to keep the
mouth in the same open position during the silicone cure
time. Also, because of the variability of the earpiece molding,
the amount of silicone injected for each ear impression is

In this paper, an analytical approach was developed to model
a PVDF in-ear sensor capable of measuring the bending of the
earcanal due to jaw movements. 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 the
PVDF output voltage was calculated using the piezoelectric
constitutive equation. Finally, the sensitivity of the in-ear
bending sensor was calculated for 4 test-subjects. A prototype
of the device was designed, fabricated, and tested for each
test-subject to investigate the accuracy of the developed theoretical model. The theoretical and experimental results are
consistent, supporting the validity of the theoretical model.
Two main advantages can be identified for the developed
analytical model. First, it can be used to indirectly estimate the
bending moment applied to a distorted earpiece by the earcanal
deformation. Second, it enables one to calculate the sensitivity
of the in-ear bending sensor to directly measure the earcanal
bending moment and monitor its variation in real time. Since
the theoretical model effectively converts a complicated 3D
bending problem into a 2D mechanical model described by
geometrical parameters, it can also 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
bending sensor can be used for the applications require jaw
movement tracking and enables the accurate evaluation of
the energy capacity associated with the earcanal dynamic
movements for the design of efficient in-ear energy harvesting
devices.
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