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Performance of Self-Powered, Water-Resistant
Bending Sensor Using Transverse Piezoelectric
Effect of Polypropylene Ferroelectret Polymer
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Abstract— The significant growth of wearable electronics is
in constant search for optimizing systems with high flexibility
and self-powering capacity. In this work, we utilize flexible
polypropylene ferroelectret (PPFE) thin film polymer with the
large transverse piezoelectric coefficient for bending curvature
self-powered sensing. The electric energy comes from the geom-
etry distortion of the built-in macro dipoles with initial surface
charge distributions. Theoretical analysis based on constitutive
electromechanical equations and bi-layer bending mechanics
provide a detailed understanding of the sensing mechanism and
its applicability. Different evaluation methods are used to have
a more comprehensive understanding of the electromechanical
responses under different bending conditions. It has been found
that the velocity and magnitude of the mechanical input influence
the average voltage output, while instantaneous voltage is not
dependent on the latter. The robustness of the material is also
investigated, where the device shows no performance degradation
by immersion into the water up to 12 hours and under 10k
bending cycles. Thermal stability tests reveal degradation starting
at ∼ 75◦C and an immediate failure of the device at ∼ 150◦C.
Finally, an application is demonstrated by showing the potential
use of the characterized system as a self-powered sensor for
athletic assessment.

Index Terms— Self-powered, bending sensor, ferroelectret,
piezoelectric effect, waterproof, athletic assessment.

I. INTRODUCTION

THE use of wearable electronics in human health is
becoming more common in collecting physical data such

as respiration rate [1], sleeping [2] and walking patterns [3],
and even glucose levels [4]. This is achieved by using light,
chemical, and acceleration sensors within a single device.
Integrated with the Internet of Things (IoT) terminal devices
such as smartphone or bracelet, the collected data provides
critical information for long term health monitoring and
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pre-diagnosis analysis. The use of such wearable gadgets can
be extended to include kinesiology-related information and
perhaps allow for monitoring and improvement of athletic
performance. Adding accurate information on the movement
of specific body parts, while monitoring the athlete’s health
could lead to better overall assessment both in performance
and health. Nevertheless, such devices need to meet the IoT
system integration requirements in terms of size and weight,
power consumption and robustness, etc.

Bending strain gauges are sensors that can play a major role
in motion monitoring wearable gadgets, which can be used for
detecting large deflections. Progresses in flexible electronics
of making deformable, stretchable and biocompatible bending
sensors also extend their integration in IoT systems. Con-
ventional resistive strain sensors are usually based on metal
foils and semiconductor coatings which utilize the resistance
change due to geometrical effect. Limited by the low mechan-
ical compliance, metal foil sensors only provide a detection
range of 2% ∼ 5% [5]. Higher sensitivity can be achieved by
utilizing microstructural disconnection mechanism in metal-
lic nanomaterials, such as nanowire (AgNW) [6] and gold
nanoparticle (AuNP) [7], coated on polymer substrates. Recent
progress has also demonstrated fully elastomer-based resis-
tive strain sensors based on carbon nanotube (CNT) [8],
graphene [9], and laser scribing technique [10], etc. However,
those passive sensors still require external power to translate
the mechanical inputs to electric signals, e.g. a voltage divider
circuit is required in resistive strain gauges. Therefore, it is
contradictory to the requirement of IoT sensing networks
which impose the sustainability and low power consumption
on the sensing elements.

As an alternative option, piezoelectric materials with high
sensitivity and self-powering capability have been exploited
thoroughly in motion-sensing applications. Inorganic piezo-
materials such as PZT [11], BaTiO3 [12] and ZnO [13] can
be deposited [14] onto or dispersed [15] into soft substrates
such as polydimethylsiloxane (PDMS), polyethylene tereph-
thalate (PET), etc. and high stretchability of up to ∼ 30%
has been demonstrated [16]. However, the fabrication process
is substrate-dependent or time consuming which presents a
limitation in mass production for consumable electronic IoT
systems. Electroactive polymer (EAP) offers great flexibility
and stretchability, therefore can be mounted on nearly any
surfaces (it is not substrate-dependent). The inherently low
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piezoelectricity can be significantly optimized by nanotech-
nology and post-poling techniques [17]–[19].

Although EAPs exhibit similar piezoelectric effect, piezo-
electricity can be introduced in materials in different ways
including piezoelectric, triboelectric and ferroelectric. Piezo-
electric sensors often utilize the piezoelectric effect of
nanofibers [20], [21] when the device is being stretched or
released. On the other hand, the transduction mechanism in
triboelectric based bending sensors is attributed to the frictions
caused by internal stress gradient [22], [23]. Ferroelectret
EAP has been introduced as a relatively new type of trans-
ducer [24], the strong piezoelectric effect is introduced by pre-
charging the internal engineered ellipsoid voids to form giant
macro dipoles. Dynamic electromechanical behavior has been
investigated mainly under compressive loads [25]–[28], and
applications include energy harvesters [29], [30], loudspeak-
ers [31], and pressure sensors [32], [33], etc. But potential
applications as bending sensors still need to be exploited.
Despite all those continuous efforts that have been made to
improve the device performance, little attention has been paid
to the evaluation methods - i.e. instantaneous voltage peak
outputs are usually measured for the device characterization
and motion calibration. However, dynamic information could
be missed for specific bending operations and therefore a more
comprehensive evaluation method is required.

In this article, we present the characterization of a flexible
ferroelectret polypropylene (PP) polymer film with a strong
piezoelectric effect as a wearable bending self-powered sensor,
including its performance under different conditions and envi-
ronments. The relations between electrical outputs (current and
voltage) and bending conditions are developed from the funda-
mental governing equations that describe general piezoelectric
behavior and a bi-layer bending model. The piezoelectric
effect under the bending operation is originated from the trans-
verse piezoelectric coefficient [34] which leads to a decrease
in the dipole separation distance under axial compression.
Different evaluation methods are used for bending monitoring
in terms of peak and average values of the voltage and current
outputs respectively, and therefore different bending informa-
tion can be extracted and evaluated. The developed equations
predict the electromechanical behavior and determine the dom-
inating parameters in characterizing the electrical outputs for
this engineered EAP material. Mechanical robustness, thermal
and humidity stabilities are also demonstrated in this work.
Finally, the acquired models are implemented in an athletic
monitoring system, based on the comparison of generated
electric waveforms.

II. MATERIALS AND EXPERIMENTAL METHODS

Polypropylene ferroelectret film is an EAP material with
piezoelectric properties. The material consists of two continu-
ous surfaces of PP film, and is porous across its thickness,
as shown in the inset in Fig.1a. The macro-scale ellipsoid
air voids are created by an in-plane two-directional stretching
process with the help of silica particles as stress concentra-
tors. Nitrogen gas is then introduced with a high-pressure
atmosphere to allow N2 molecules diffuse into the voids,

Fig. 1. Bending configuration of PPFE thin film mounted on a flexible PI
substrate. (a) 3D schematic drawing of silver coated PPFE film mounted on
PI substrate, inset shows the SEM image of the cross section view of PPFE
film. (b) 2D Schematic diagram of a sinusoidal shape buckling profile under
a horizontal axial compression displacement.

and a sudden release of the high-pressure environment is
followed in order to trap the N2 gas and expand the voids
into an ellipsoid shape. A high electric field is then applied
to create plasma discharging, resulting in electric charges with
opposite polarities trapped on both surfaces of the voids. Each
charged void can be considered as a macro scaled dipole
with a permanent dipole moment. Mechanical loads that cause
structural distortion of the dipole would lead to changes in the
displacement field inside the material. Therefore displacement
current is generated which realizes the transduction from the
mechanical to the electrical domain. The porous structure
significantly increases the compliance of the material (Young’s
Modulus: E < 106 Pa [35] compared to solid PP film
with E = 1.5 × 109 ∼ 2 × 109 Pa) which translates
into excellent flexibility for soft electronics and their human
interface. Here, we focus on the distortion of the macro dipoles
and the consequent electric output under a bending opera-
tion caused by an axial displacement. As shown in Fig.1a,
the PPFE film is attached to a flexible PI substrate. In this
configuration, the electromechanical response can be described
by characterizing the output voltage/current to the generated
deflection due to an axial load that results in a buckled bridge
shape shown in Fig.1b. The experiment is assisted by using a
computer-controlled stepper motor as the linear actuator to
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provide the horizontal compressive axial stress that causes
axial displacement �L and vertical displacement w. In order
to compare different electromechanical responses under differ-
ent bending conditions, �L and the compression velocity v
were programmed by pulse width modulation (PWM) of DC
voltages applied to the motor.

III. RESULTS AND DISCUSSION

Assuming the initial length of the PI substrate is L0,
the flexible sample buckles into a sinusoidal shape with w
described as a function of horizontal axial parameter x as:
w(x) = A[1 + cos(2πx/L0)]/2, where the origin of x is at
the center and A is the maximum buckling amplitude given
by A = (2/π)

√
L0�L [36]. The in-plane x-axial strain (ε11)

within the PPFE can be estimated by using the curvature
of the buckled shape as: ε11 = −w��(x)(h P P F E + h P I )/2,
where w��(x) is the bending curvature, h P P F E is the thickness
of PPFE film and h P I is the thickness of the PI substrate.
Given that the PPFE film is located at the center of the PI
substrate where maximum longitudinal strain occurs, ε11 can
be approximated as:

ε11 = 2π(h P P F E + h P I )
√

�L

L0
√

L0
, (1)

from which we can use the fundamental equations that relate
strain to the electric field in piezoelectric materials (see
Supporting Information for details) to obtain:

Voc = 2π(h P P F E + h P I )dh P P F E

kL0
√

L0

√
�L, (2)

where d = d33c12/c13 − d31 and k = k33 + d33d31/c13,
d33, c12, c13, d31 and k33 come from piezoelectric matrix
and stress/strain transformation matrix (see Supporting Infor-
mation for details). Thus, Voc is proportional to the strain
in PPFE film which is exactly the linear coupling relation
between mechanical and electrical properties in piezoelectric
materials.

However, Voc measurements are often taken by connecting
a voltmeter across the open circuit terminals at the output of
the device [37]. Therefore, the profile of the measured Voc will
be dependent on the instrument’s internal resistance; and its
proximity to a real open-circuit scenario will increase with this
internal resistance value. In this work, a Keithley 2450 is used
to measure Voc, which has an internal resistance ≥ 10 G�.
Fig.2 shows the relation between �L, ε11, and Voc. The bidi-
rectional linear axial displacement provided by stepper motor
as shown in Fig.2a gives a normalized strain profile determined
by Eq.(1) as shown in Fig.2b. The measured Voc also shows a
similar profile as ε11 which is also indicated by Eq.(2). Fig.2d
shows the measured peak value of Voc (scattered points) as
a function of different maximum axial displacement �Lmax ,
and the theoretical curve for these Voc maximum points, taken
from evaluating Eq.(2) at �L = �Lmax .

For short circuit current measurements, the device is con-
nected to an ammeter, where the voltage drop across is
minimal. This results in a simple linear relation between
displacement field D3 and ε11 (see Supporting Information

Fig. 2. Measured electrical response due to axial displacement �L and
film strain ε11. (a) Profile of linear axial compression displacement �L as a
function of time. (b) Theoretical normalized film strain ε11 from Eq.(1) as a
function of time. (c) Measured Voc as a function of time. (d) Peak Voc value
as a function of �Lmax for a given compression velocity of 14 mm/s.

for details). Given that Isc = −SP P F E (∂ D3/∂ t), (where Isc is
the short circuit current and SP P F E is the area of PPFE film),
Isc can be further expressed as (see Supporting Information
for details):

Isc = πd SP P F E (h P P F E + h P I )

L0
√

L0
√

�L

d�L

dt
. (3)

Eq.(3) shows that Isc is proportional to the changing rate
of compressive load ( d�L

dt ), and its magnitude increases with
PPFE film area; which can be achieved by stacking multiple
layers or connecting them in parallel. For linear axial com-
pression, the compression displacement can be described by
the compression velocity v (input parameter) as:

�L =
{

vt if t < T/2

v(T − t) if T/2 < t < T,
(4)

where T is the time period for a complete compressing and
releasing cycle. Thus, Isc(t) can be determined as:

Isc(t) = πd SP P F E (h P P F E + h P I )
√

v

L0
√

L0
t−

1
2 (5)
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Fig. 3. Characterization of electrical output under bending test. (a,b,c) Short circuit current Isc under the same �Lmax = 3 mm and different v . From top
to bottom: 3.5 mm/s, 7mm/s, and 14 mm/s. (d,e,f) Voltage measurement under the same �Lmax = 3 mm and different v , from top to bottom: 3.5 mm/s,
7 mm/s, and 14 mm/s.

for the compression stage. Eq.(5) indicates that the short
circuit current increases with increasing v, which is also shown
in Fig.3a-c. The PPFE acts as a current transducer, which
translates energy from the mechanical to the electrical domain.
Therefore, the internal resistance R of the voltage measuring
instrument must be taken into consideration. To distinguish the
voltage measured by a voltmeter with low input impedance
from the Voc measured by an instrument with high input
impedance, the symbol V is used for the clarity. In this case,
the current flowing through the device-instrument circuit loop
is also affected by R through the induction of an electric field.
Thus, the measured voltage V can be determined by solving
the differential equation (see Supporting Information). When
the internal resistance of the voltmeter is much lower than the
impedance of PPFE, V can be approximated to:

V ≈ Isc R, (6)

where R = 10 M� for the voltmeter Keithley 2182A used
in this work. Therefore, voltage measurements (Fig.3d-f) have
the same curve profile as Isc (Fig.3a-c).

The characterization is performed for a PPFE film mounted
on a PI substrate under axial stress that generates buckling (and
bending), while the current and voltage are measured across
the device. The axial compressive displacement is provided by
a stepper motor with bi-directional displacement. The PPFE

used for the bending test is 15 mm wide, 50 mm long, and
80 μm thick. Two 500 nm silver thin films are sputtered on
both sides of the PPFE as electrodes. The device is mounted on
a 25 mm × 60 mm PI substrate with a thickness of 0.8 mm.
The �Lmax and v are programmed and controlled through
the FPGA interface. Fig.3a-c show the measured Isc under
different compression velocities with the same maximum
compression displacement of 3 mm, which is converted to
curvature of 46.8 m−1. As predicted by Eq.(5), the current
output increases with increasing compression velocity. Fig.3d-f
show the measured output voltage V under the same condi-
tions used for measuring Isc. The voltage output follows a
similar relation with compression velocity to the one observed
in Isc measurements; which agrees with the described theory.

Characterizing self-powered sensors is often done in terms
of peak short circuit current (Isc−max ) and measured peak
voltage (Vmax) values [38]. However, since Isc is proportional
to t− 1

2 , the Isc−max and Vmax are found at t = 0 for any
applied axial stress. This means that the largest generated
electrical output occurs at the moment an axial displacement
begins to occur; and therefore, Isc−max and Vmax should
be independent of the maximum range of axial displace-
ment, �Lmax . This usually goes unnoticed, because for a com-
monly used bending condition, the �Lmax is always coupled
with a faster compression velocity v; e.g. when �Lmax is
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Fig. 4. Characterization of Isc−max and Isc−ave under bending test. (a) Isc−max as a function of �Lmax under different v . (b) Isc−ave as a function of
v under different �Lmax . (c) Isc−ave as a function of �Lmax under different v . (d) Isc−ave as a function of w��

max under different v . The fit curves are
obtained from Eq.(7) by using proportional constants that best fit the measured data.

increased, the compression time period T/2 is kept the same,
leading to a higher v.

The relation between the maximum instantaneous cur-
rent and voltage output is further characterized by using
different compression velocities and axial displacements
(or curvatures). Fig.4a shows the Isc−max under different
axial displacement velocities ranging from 3.5 mm/s to
14 mm/s with different maximum axial displacements from
1.2 mm to 6 mm, which converts to a bending curvature
range of 29.6 m−1 to 66.2 m−1. No obvious changes in Isc

and Voc are observed for different �Lmax under the same
compression velocity, indicating that the compression velocity
is the dominant factor in determining the peak electrical
outputs under the bending operation. An estimation of the
peak value can be made from Eq.(3) by giving a certain
small (nonzero) time –usually determined by the instrument’s
sampling rate– and assuming the traveled distances in this time
are comparable for different velocities. Then, the Isc−max can
be approximated to be linearly proportional to v, which is also
indicated in Fig.4a.

As indicated by Eq.(5) and Fig.3, the Isc−max and Vmax

values are found at the beginning of each compression and
releasing cycle, then decaying as a function of t− 1

2 . For a
compression stage, the average current output, Isc−ave, can

be calculated by averaging Isc over the compression time
period T/2, leading to:

Isc−ave =
∫ T

2
0 Iscdt

T/2

= 2
√

2πd SP P F E (h P P F E + h P I )v

L0
√

L0�Lmax
. (7)

Eq.(7) gives the relation among Isc−ave, v, and �Lmax . Fig.4b
shows that Isc−ave is linearly proportional to v for each
given �Lmax , which is in agreement with the theory. Fig.4c
shows measurements of Isc−ave as a function of �Lmax for
different values of v, where the data follows the square-
root dependence on �Lmax predicted by theory. For real
application and bending sensing purposes, it is important
to know the relation between the measured electric signal
(Isc−ave in this case) and bending curvature. Given that w�� is
linearly proportional to ε11, which is also linearly proportional
to

√
�L, Isc−ave also exhibits an inverse dependence on w��

max ,
as shown in Fig.4d.

Given that most of the data acquisition and readout circuits
are designed to respond to voltage signals, it is more desirable
to have sensors that generate voltage output signals (instead of
current signals). Typical commercial voltmeters have internal
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Fig. 5. Characterization of Vmax and Vave under bending test. (a) Vmax as a function of �Lmax under different v . (b) Vave as a function of v under
different �Lmax . (c) Vave as a function of �Lmax under different v . (d) Vave as a function of w��

max under different v .

resistances between 1 M� to 10 M�, which are much lower
than the impedance of PPFE. Therefore, in the interest of com-
pleting a study that makes the proposed bending sensor more
compatible with typical measuring instruments, the rest of the
work is focused on the measured voltage V , instead of the
ideal Voc value. As discussed above, V can be approximated
as Isc R, and it is expected to exhibit similar dynamic profile
as Isc; which is observed experimentally (Fig.5). It should be
noted that Voc (Fig.2c) shows a different dynamic profile than
V (Fig.3d-f), and the relationship between Isc and V through
the instrument’s internal resistance (V = Isc R) is validated in
the experimental results shown in Fig.4 and Fig.5.

A study on the degradation of PPFE films in terms of
mechanical robustness, resistance to humidity and thermal
stability is performed next. Fig.6a shows the performance of
PPFE as a function of bending cycles for an axial compres-
sion velocity of 14 mm/s and maximum bending curvature
of 46.8 m−1. This experiment was carried out using the same
setup described for all the previous bending experiments.
No significant degradation is observed during the repeated
cycling test, indicating the PPFE film as a bending sensor
exhibits long term mechanical stability.

Wearable sensors can be implemented in systems that allow
for the assessment of an athlete’s performance in sports.

However, there are several factors that can deteriorate the
device’s reliability. For example, resistance to humidity is a
key parameter which could significantly reduce the perfor-
mance of the sensor, especially for those have the capacitive
impedance. Triboelectric sensors with an air gap will experi-
ence a change in their performance due to the absorption of
the ambient water and therefore require additional packaging
methods [39]–[41]. Even tough PPFE has a porous structure,
it is sandwiched in between two continuous PPFE films, which
prevent the swelling of the voids due to water absorption.
Thus, it proves to be water-resistant as demonstrated in Fig.6b.
When using polymer as the base material for piezoelectric
applications, the structure of the polymer may experience
poor thermal stability. Fig.6c shows the performance per-
centage under different baking temperatures as a function of
time. No degradation is observed for a baking temperature
of 50◦C. As the temperature increases, the material starts to
degrade. When baked at 75◦C, no degradation is measured
until baking for 60 min, the performance saturates at the
level of around 65%. Significant degradation appears at the
temperature of 125◦C and above. For a short time and low-
temperature processes such as encapsulating PPFE into PDMS
and PI layers, it is acceptable to sacrifice some of the perfor-
mance. However, higher temperatures should be avoided, since
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Fig. 6. Demonstration of performance degradation under different testing
conditions. (a) Test of mechanical robustness under repeated bending cycling
up to 10000 bending and releasing operations. (b) Test of humidity resistance
by immersion into water for up to 12 hours. (c) Test of thermal stability under
different baking temperatures.

a temperature of 150◦C would destroy the quasi-piezoelectric
property of the material due to the collapsing of the voided
structure as shown in the Supporting Information.

Based on the analysis above, it can be seen that Vmax and
Vave exhibit different behaviors under the same bending con-
dition. This suggests that by monitoring these two parameters,
information about the bending curvature and speed can be
extracted. A potential application for this can be found in
monitoring the bending curvature and speed of an athlete’s
wrist during a baseball throw or a basketball shoot. Hence, this
flexible self-powered PPFE bending sensor can be attached to
the player’s wrist to monitor the posture and movement profile
when participating in those sports. In the present application,
we suggest a way to compare the bending profile of an athlete
with what can be considered an “ideal movement behavior”;
perhaps coming from a coach or a database that holds a
history of “good throws”. Fig.7a shows a demonstration of
throwing a baseball from the player. Fig.7b and Fig.7c show

Fig. 7. Demonstration of application in the athletic assessment. (a) Photog-
raphy of showing bending of the wrist during throwing a baseball. (b) Voltage
output signal from the coach throwing the baseball. (c) Voltage output signal
from the learner throwing the baseball.

the measured voltage waveforms from a coach and the athlete,
respectively. By comparing the Vmax and Vave values obtained
by the coach and the athlete, a learning score can be generated
from the algorithm described in the Supporting Information.
This way, the athlete can monitor his/her athletic performance
and even have a database with a history of the progress
made.

IV. CONCLUSION

The porous flexible polypropylene ferroelectret (PPFE) thin
film is introduced in this work as a bending sensor. The
bending operation is provided by an axial displacement and the
bending profile follows the fundamental mechanical analysis.
The outputs of PPFE film in terms of open circuit voltage,
short circuit current, and measured voltage are characterized
under different bending conditions. Given that the PPFE can be
considered as a current source with large internal impedance,
its voltage measurement is heavily dependent on the internal
resistance of the voltage measurement instrument. To clarify
the bending dependency of an electric output, Isc−ave and Vave

are used instead of Isc−max and Vmax . The average electric
output values are found to have a similar behavior due to
the approximation under a condition of using low internal
resistance voltmeter. Both outputs show linear dependency on
v and inverse square-root dependency on w��

max . The robustness
of the material in terms of bending repeatability, resistance to
humidity, and thermal stability are also presented for consid-
erations in real applications, such as the sports assessment
application demonstrated in this work.
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