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Abstract—In this paper we have implemented a Polyvinylidene
fluoride (PVDF) based energy harvester system using a speaker
based vibration set-up. The vibration energy of the cantilever is
harvested using commercially available piezoelectric sensor and
the acceleration is measured by an accelerometer. Theoretical
analysis of vibration as well as experimental validation has
been carried out. The energy harvester is capable of extracting
sufficient energy at low environmental vibration within the
frequency range of 23 Hz to 35 Hz. With application of 465
mN, the cantilever deflects around 2 mm and the output of piezo
sensor is 4.32 Vpp while the accelerometer output is 2.88 Vpp. It
is observed that for a limited range of frequency the low cost
speaker has a linear behaviour. The maximum power is achieved
as 782 µW with load resistance of 3.3 kΩ using the current set-up
and it can be utilised for energy harvesting within the specific
range of frequencies.

Keywords—Piezoelectric, Energy Harvesting, Vibration Mecha-
nism, Speaker, cantilever.

I. INTRODUCTION

The piezoelectric based energy harvesters stand with strong
potential to harvest energy from the environmental vibrations.
The piezoelectric transduction mechanism is more admired
in comparison to other methods such as electromagnetic,
thermoelectric and electrostatic. It finds different applications
in the fields of Internet of Things nodes, biomedical, structural
health monitoring, wireless sensor networks. Due to piezoelec-
tric direct effect, the electrical energy is generated with the
application of mechanical vibration. There have been quite
a number of researches going on towards renewable energy
sources in the form of scavenging energy from vibrations.
Jing et. al. demonstrated that the maximum power generation
possible from piezoelectric harvesters when the device is
managed to operate at resonant frequency and carried out
an experiment to power of an accelerometer [1]. In another
paper [2], they showcased the application of array of PZT
based piezoelectric cantilevers connected in series with alter-
nating polarity to harvest energy, where frequency response
of cantilever lies in the range from 200 Hz to 300 Hz. The
cantilever is characterized with different proof mass. Chen
et. al. manifested energy harvesting based on Polyvinylidene
fluoride (PVDF) piezoelectric using beating mechanism in
three different configurations such as cantilever, reciprocal
beating mechanism and rotational beating mechanism, from

which average power of 1.61 µJ/min, 22.5 µJ/min and 900
µJ/min are generated respectively. The PVDF based harvester
yields 10 times higher voltage than PZT and longest durability
than other in case of high-g vibrations. The piezoelectric
sensors made from PVDF material are used due to its high
mechanical strength, resistance to acids and solvents, wide
frequency response, good flexibility in comparison to other
material such as PZT [3]. Yan et. al. experimentally verified
the impact mode based energy harvester by interfacing a
plate between the ball dropped and piezoelectric disc and also
explained the influence of interfacing plate on the efficiency
of the developed system [4]. A macro scale impact based
energy scavenger is developed by utilizing the effect of impact
which converts the low ambient frequency to high frequency
as described in [5]. Because of high power density, the PZT
materials used for low-g vibrations whereas in case of high-g
vibrations due to their high fragility, PZT based harvesters are
not preferred [6]. The wide band auto-tunable energy harvester
can work on the principle of change in center of gravity
of proof mass [7]. The super harmonic resonance excitation
with a M-shaped energy harvester can have 660% increase
in half power bandwidth [8]. An auto tunable piezoelectric
energy harvester by means of piezomotor is made to tune
the harvester with the ambient vibration [9]. The dynamics of
resonator having tree like structure has been examined in [10].
The trapezoidal shaped energy harvester works well at low
frequency in comparison to conventional rectangular cantilever
beam [11]. A harvester comprising of composite cantilever and
a proof mass, which is bimorph in nature is designed to operate
at resonant frequency of 275 Hz [12]. Kosmadakis et. al
developed an automated measurement system to characterize
different parameters of a vibration based energy harvester [13].
In [14], the dynamic characteristics of a circular clamped plate
using piezoelectric patches and loudspeaker has been modelled
and experimentally verified. They also optimized the eigen
frequencies of the system and derived the transfer function.

In most of the literature, the developed harvester set-up used
high cost commercial vibration shaker. Also, the non-linear
behaviour of piezo harvester at certain excitation frequency
and vibration shaker with respect to applied force is not
demonstrated. In our developed system we have used low
cost speaker as vibration source and the vibration of the
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Fig. 1. Block diagram of Energy Harvester System

piezoelectric sensor and cantilever are discussed. The piezo
harvesters are not linear throughout the frequency ranges
due to its temperature dependent, mounting mechanism as
well as characteristics of input vibrations. The present work
experimentally shows the linear behaviour in limited region
where the gain is linearly dependent upon the deflections.
The description of overall system components and the fun-
damentals of energy harvester are discussed in Section II.
The theoretical analysis of cantilever is then illustrated in
Section III and experimental studies are presented in Section
IV. Conclusively, the section V summarizes this work.

II. OVERVIEW OF THE SYSTEM
The overall system primarily consists of a speaker as vibra-

tion source, cantilever, piezoelectric sensor,and accelerometer.
The block diagram for the system is shown in Fig. 1.

A. Speaker as vibration Source

A low cost commercially available loudspeaker is used here
as a vibration source. Although the accuracy is more in high
cost commercial vibration shaker, the accuracy level achieved
in present speaker based arrangement can be reasonably ac-
ceptable with low cost. The speaker is driven by a function
generator followed by a power amplifier. The vibration system
is shown in Fig. 2. The detail specification of speaker, power
amplifier and other necessary components are described in
Section IV.

B. Piezoelectric Sensor and cantilever

The LDT0-028K piezo sensor is used here. It is a 28 µm
thick PVDF based piezoelectric sensor with screen-printed Ag-
ink electrodes, As the piezo film gets vibrated from the me-
chanical neutral axis, the sinusoidal voltage is generated due
to the production of high strain because of bending. In order
to achieve high sensitivity at low frequency vibration such as
environmental vibration(< 300Hz), the sensing element has
been incorporated by an end mass. The cantilever used here
is made up of base aluminum and its dimension is 0.12 m×
0.025 m× 0.001 m.

Cantilever

Speaker

Fig. 2. Vibration Source
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Fig. 3. Second order system for Energy harvester

C. Accelerometer

Inertial sensors like accelerometer or gyroscope are widely
used for measurement and analysis of structural vibrations.
The low power 3-axis ADXL-335 MEMS accelerometer can
measure acceleration upto ± 3g. It is manufactured by Analog
Devices and have the working operating voltage ranges from
1.8 V to 3.6 V. Here, it is utilized for behavioural analysis of
piezo harvester as well as the vibration made by the aluminium
cantilever. The typical sensitivity of the accelerometer is 300
mV/g.

III. THEORETICAL ANALYSIS

A cantilever based energy harvester can be modelled as
a mass spring second order system as shown in Fig. 3.
The harvested power mainly depends upon natural frequency,
mechanical damping ratio, electromechanical coupling factor,
input vibration attributes such as frequency and amplitude.
The prevailing equation for energy harvester system assumed
in (1), where denotes acceleration, and denotes displacement,
mass, damping constant and spring constant respectively.

M.
..

X +b.
.

X +K.X = −M.
..

Y (1)

The natural frequency can be derived from (1) and is given
in (2), where K is the stiffness of the cantilever and M is
effective mass, E is the Youngs modulus, L is the length
of the aluminium cantilever, I is the moment of inertia. For
simplicity, we have assumed the expression of cantilever for
analysis of resonant frequency [15], [16].

ωn =

√
K

M
=

√
Ebd3

4[0.24mbeam +me)L3
(2)



Fig. 4. Experimental Set-up

The resonant frequency of the aluminium cantilever can be
computed using (2), where mbeam,me are mass of the beam
and end mass respectively. The mass mbeam of the cantilever
can be calculated from the (3) where ρ, b, d and L are
density, breadth ,thickness and length of aluminium cantilever
respectively.

mbeam = ρbdL (3)

The stiffness K, effective mass of the aluminium cantilever are
found to be 249.566 N/m and 8.1×10−3 kg respectively. The
aluminium beam with a concentrated load at tip can exhibit
maximum deflection which is given in (4) as follows:

δ =
FL3

3EI
(4)

For simplicity of analysis, the expression of cantilever is used
here according to [15], [16]. However, the theoretical analysis
can be improved further by taking into account the effect
of base excitation and coupled effects of speaker, beam and
sensors.

IV. EXPERIMENTAL STUDIES

A. Experimental Set-up

The overall vibration based Energy Harvesting Set-up is
shown in Fig. 4 and it consists of a function generator,
Digital Storage Oscilloscope, two power supply, a low cost
commercially loudspeaker (Nominal power 25W with 6 Ω), a
power amplifier manufactured by ST Microelectronics (TDA
2030,14W). In this work, we used a thin layer of PVDF,
LDT0-028K element (Meas-Spec.), having an equivalent ca-
pacitance of about 500pF and ADXL 335 accelerometer. The
speaker system is driven by the input voltage of 450 mVpp
with operating frequency range from 23 Hz to 35 Hz, supplied
from a function generator followed by power amplifier. The
piezo sensor and a 3-axis accelerometer ADXL-335 are placed
over the tip portion of the aluminium beam. The accelerometer
is powered from external power supply. The aluminium beam
is attached to the speaker. The vibration of the cantilever is
measured by the accelerometer.

Piezo Output

Accelerometer Output

Fig. 5. Output waveform of ADXL 335 and Piezo sensor

Fig. 6. Frequency vs. Voltage response

B. Results and Discussion

The behaviour of both aluminium beam and piezo sensor
are analyzed. Theoretically, resonant frequency is found to
be 38.96 Hz using (2), whereas practically it is found to
be 33 Hz. Considering the mass of the piezo sensor 1.02
gram and accelerometer 1.20 gram with the calculated mass
of the aluminium using (3), the total mass can be found
out to be 10.23 gram. The ADXL-335 measured the voltage
with respect to input vibration. The acceleration is found
to be 4.64g corresponding to the voltage of 2.88 V with
sensitivity of 310 mV/g. For the given mass, the force can
be calculated by considering acceleration of 4.64g occurring
on the aluminium cantilever is found to be maximum of 465
mN and the corresponding deflection is 1.86 mm using (4).
However, the maximum deflection by the cantilever is found
to be 2 mm experimentally at resonant.

A representative experimental output waveform for ac-
celerometer and piezo sensor is shown in Fig. 5 for an exci-
tation frequency of 30.5 Hz. There is a minute delay between
the outputs of piezo sensor and ADXl-335 accelerometer. The
corresponding voltage output for accelerometer and piezo are



Fig. 7. Acceleration vs. Voltage response

Fig. 8. Power and Current vs. Resistance

2.32 Vpp and 3.36 Vpp respectively. The frequency versus
voltage response of the piezo sensor and accelerometer is
shown in Fig. 6. The experiments are conducted number of
times and the standard deviation for the voltage response are
about ± 0.694 and ± 0.620 for piezo sensor and accelerometer
respectively. It is obvious from the plot that there is nonlinear
behavior in the response of both the accelerometer and piezo
sensor, which implies that the low cost speaker is suitable as
a vibration source for a specific range of frequency and the
corresponding power can be harvested. The input acceleration
versus voltage of both the sensors is shown in Fig. 7. The
accelerometer behaves as linear device while the piezoelectric
harvester shows the nonlinear characteristics. From Fig. 7, the
maximum nonlinearity error for piezo sensor is obtained as
6.42%. Further the experiment conducted by taking two piezo
harvesters and the output sinusoidal voltage of 10.6 Vpp is
produced. The output of two piezo sensors are driven to the
47 mF capacitor through the bridge rectifier. The different
load resistances are connected and the maximum power is
found to be 782 µW with current of 495 µA across the

TABLE I. COMPARISON OF RESULTS

Reference Frequency (Hz) Power (uW)
[12] 36 40

[17]
58 0.417

437 10.552

[18]
25 0.13

212 1.36

This Work 33 782

3.3 kΩ load resistance. The power delivered with respect to
load resistances is shown in Fig. 8. The charge can be stored
in the storage devices like super capacitor by using power
management circuits such as Synchronized Switch Harvesting
on Inductor (SSHI) circuit and henceforth it can be used to
charge a rechargeable battery or can drive a low power sensor
such as tilt or gas sensor. The developed system finds its
application in the field of wireless sensor network, structural
vibration analysis. Table.I represents the comparison of our
work with other previous work.

V. CONCLUSION

This paper demonstrates the implementation of PVDF based
low frequency energy harvester set-up using low cost speaker
based vibration source. We have used simple aluminium beam
for analyzing the energy harvesting and also characterized
the behaviour of piezo sensor, aluminium beam and the
accelerometer. The frequency response of piezo sensor is
linear for certain range of frequencies. Although the theoretical
and experimental data are closer, the accuracy of analysis
can be improved further by considering base excitation and
coupled effects and relative displacement of all the vibrating
components. Also, the present work can be extended further
to enhance harvested power by using different cantilever
configurations.
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