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ABSTRACT: The piezoelectricity allows the generation of electric power taking advantage
of the movement of vehicles and pedestrians. Many prototypes have been made with
piezoelectric generators, but at present, their commercialization and use have not been
popularized due to their low power generation and energy losses. A design of an
experimental prototype of an energy harvester with piezoelectric materials that reduces
these losses and generates more energy thanks to the resonance with the beams is
proposed in this article. An equilateral triangular tile is designed such it will not deform
when a force acts on it. The tile has four-cantilever beams, and it is designed to
resonate with the natural frequency of the piezoelectric material. This is coupled to the
piezoelectric device. The vibration generated on the beam, by a mechanical load, is used
to generate more energy when it resonates. The piezoelectric is a ceramic material
and generates a nominal power of 75 mW before placing it on the beam, and 375 mW
after being placed on the beam. However, the energy collection circuit has losses due
to its own consumption, the transmission of energy to the storage system, and in the
mechanical system.

RESUMEN: La piezoelectricidad permite la generacion de energia eléctrica aprovechando
el movimiento de vehiculos y peatones. Se han realizado muchos prototipos
con generadores piezoeléctricos, pero en la actualidad no se ha popularizado su
comercializacion y utilizacion. Se presenta en este articulo un disefio de un prototipo
experimental de un cosechador de energia con materiales piezoeléctricos. Con el
aprovechamiento de la energia peatonal se realiza el disefio de una baldosa para la
implementacidon en espacios interiores. En esta propuesta se realizé el disefio previo
de la baldosa que es de tipo triangular equilatera, para que no se deforme cuando actle
una fuerza sobre ella. Estd conformado por un sistema de cuatro vigas en voladizo,
disenadas con el objetivo de que entren en resonancia y se pueda aumentar la energia
obtenida del material piezoeléctrico. La vibracion generada sobre la viga, por medio de
una carga mecanica es aprovechada para generar energia. Los piezoeléctricos son de
material ceramico. Antes de colocarlo en la viga, se generd 75 mW nominales, y con
la viga genero una potencia de 375 mW. Sin embargo, el circuito de recolecciéon de la
energia tiene pérdidas debido a su propio consumo, a la transmisién de la energia al
sistema de almacenamiento y en el sistema mecanico.

1. Infroduction

Global temperature has increased 1°C from the
pre-industrial stage. Due to this climate change, sea
level is increasing, arctic permafrost is thawing, extreme
meteorological events are being observed, among other
factors. All of them leading to the deterioration of the
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planet while causing incalculable economic and human
losses [1]. In 2030, the temperature is estimated to rise
to 1.5°C, bringing even more serious consequences. If
the temperature increases by 2°C, it is estimated that
more than 25% of the species will disappear [2]. One of
the economic sectors that contributes most Green House
Gases (GHG]) into the atmosphere is electricity and heat
production [3]. Currently, the dependence on fossil fuels
for power generation leads to an environmental crisis,
which is reflected in the quality of life [4]. It is necessary
that renewable energies be implemented and integrated
into daily life [4]. Accordingly, power generation with
piezoelectricity is a friendly technology, being a viable
alternative [5]. It works with vibration produced by a force.
This force must be variable over time for a generation
of constant power [5]. The objective of this project is to
design, build, and test a prototype to generate electricity
based on the movement of pedestrians using piezoelectric
materials, an energy that today is unexploited. The
optimum generation of piezoelectric energy is when the
device operates at its resonant frequency. Therefore,
the optimal energy collectors for piezoelectric devices
are vibratory. Usually, the energy harvester devices
appear as a cantilever beam, because they can generate a
continuous load on the piezoelectric surface [6]. Different
prototypes of cantilever beams with piezoelectrics have
been made and sold to provide power systems in multiple
applications. The best known are the load of mobile
devices, LED lighting systems, lighting signs, digital
signage, and Wi-fi [7]. Some researchers have focused
on the optimization of electromechanical structures, and
adaptation of circuits of power management, with the
aim of offering the highest efficiency. Also, they have
accomplished experiments on the natural frequency
of a piezoelectric energy harvesting (PEH] cantilevered
beam with different excitation levels. The experimental
study is complemented by an analytical formulation to
examine the levels of deformation, allowing to study
fatigue in beams of piezoelectric energy harvester [8]. To
improve the energy harvesting efficiency of a piezoelectric
PZT on a cantilever beam in speed reducers, some
authors used a high-performance DC-DC converter to
match the impedance of the piezo [9]. Additionally, a
piezoelectric material layer has been embedded in a
touch screen to extrapolate the position of the localized
area and since a greater pressure produces a greater
voltage, the device can detect the level of force [10]. [11]
developed a figure of merit analysis for key devices to
contrast lead-containing and lead-free piezoceramics.
[12] showed that the trimethylchloromethyl ammonium
trichloromanganeselll), an organic-inorganic perovskite
ferroelectric crystal processed from aqueous solution,
has a large d3; of 185 picocoulombs per newton and a
high phase-transition temperature of 406 K. [13] reviewed
the progress in the field of piezoelectric biosensors, both

the traditional inmunosensing and the combination with
detection of nucleic acids. [14] fabricated, tested and
compared three sensors using piezoresistive materials
against a commercial sensor. [15] designed a piezoelectric
device of low resonance frequency for the capture of
electrical energy. In this article, an analysis of the energy
produced by the steps of pedestrians and harvested by a
piezoelectric attached to a cantilever beam is performed.
Also, the amount of energy obtained by pedestrians, the
design of the beam, and the design of a circuit for energy
transmission and storage will be shown.

This paper is organized in various sections: Materials and
methods, governing equations, analysis and results, and
conclusions. In the materials and methods section, the
authors present the piezoelectric used in the experiments,
as well as the design of the cantilever beam used to
increase the vibration, the circuit for storing the energy
produced by the piezoelectric, and the design of the
tile where the cantilever beam and the piezoelectric
were installed. In the governing equations section, the
equations for the potential energy generated by the
piezoelectric, the voltage generated, the field strength,
the mechanical deformation, the electrical energy, and the
cantilever beam analysis are presented. In the analysis
and results section, the results of the simulations of the
cantilever beam “s vibration, displacement, and stress are
presented and discussed. Also, the power generated by a
pedestrian and its storage. Finally, some conclusions are
presented.

2. Materials and methods

2.1 Piezoelectric

The piezoelectric used for testing is reference 7BB-41-2C
[16], made from Lead Zirconate Titanate (PZT) by Murata
electronics. Its geometry is cylindrical (Figure 1), and
its characteristics and dimensions are presented in Table
1. The parameters considered in the design of energy
harvester are the piezoelectric material, volume, and
diameter; the effective area of action for the piezoelectric,
the charge level; the constant elasticity, force exerted on
the piezoelectric coupling coefficient of piezoelectric, and
average weight of the pedestrians.

2.2 Design of the cantilever beam

The prototype was designed in Autocad and consists
of a wood module to support the beam (Figure 2). To
demonstrate how the cantilever beam works, the authors
used a beam made of saw blade Nicholson NF 1224R
bimetallic steel [17].

The cantilever beam is used to increase the voltage
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Table 1 Dimensions and characteristics of piezoelectric [16]

Diameter
Frequenc . . Electrode . Plate
9 y Plate size ceramic . ..» Thickness . Plate
resonance »_» diameter”b s thickness .
D” (mm) element”a ™ (mm) material
(kHz) (mm) t” (mm)
(mm)
2.2+0.3 41 25 23 0.63 0.40 Brass
the piezoelectric is 2.2 kHz, with a tolerance of +0.3
T kHz. To find the desired cross section with the three
" natural frequencies, trial and error is used to test values
oD oa ab et ed of )\; [non-dimensional parameter used to obtain the
5:'§|ack natural frequency in each vibration mode) in the boundary
' ) condition No. 3 (i.e., a cantilever beam subjected to free
' vibration) from Table 2 [18].
Table 2 Values for \; (non-dimensional parameter used to
obtain the natural frequency in each vibration mode] in the
t boundary condition No. 3 (i.e., a cantilever beam subjected to
y 1 = free vibration) [18]
T : N 2

Figure 2 Module designed to simulate the behavior of the piezo

generated by the piezoelectric material. This increase is
achieved by having a resonant frequency response type
of the piezoelectric material and the cantilever beam
[9]. To accomplish this, both frequencies [mechanical
and electrical)] must synchronize in the same range of
natural frequencies. Therefore, the natural frequency of
the cantilever beam should be within the range of the
piezoelectric resonant frequency.

The natural frequencies of a cantilever beam can be
calculated from the moment of inertia of the beam and the
modes of flexural vibration \;. These mode shapes are a
pattern that describes the shape of deflection in the beam
when it is isolated from the rest of the structure. This
parameter is crucial for calculating the natural frequency
[18]. These mode shapes are expressed in Table 2.

A beam of rectangular cross section (Figure 3] has
three natural frequencies. The resonance frequency of

Aq
1.87
4.69
7.85
10.99
14.13

Description

|
1

It is necessary to select the optimum material for the
construction of the cantilever beam. The beam and the
piezoelectric should have similar frequencies in order to
resonate. The characteristics of the beam material such
as Young's modulus and density should be considered.
The materials evaluated for the beam are gray cast iron,
aluminum, and steel. Table 3 shows the properties of
these materials.

Table 3 Mechanical properties of the materials evaluated for
the cantilever beam [18]

Young’s Density p
Material modulus kg

(GPa) (ﬁ>
Steel 210 7850
Aluminum 70 2700
Gray castiron 97 7870

L

Figure 3 Geometrical characteristics of the cantilever beam

The dimensions of the beam are obtained by iterations
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until a resonant frequency like the one of the piezoelectric
is obtained. The initial values of the iterations are the
dimensions of the piezoelectric, which are: 0.041 m
long, and 0.041 m wide. The dimensions in the following
iterations will be found by simulating the previous
dimension in the software: Inventor.

2.3 Circuit for storing energy

A temporary circuit for storing energy is built by a full
wave rectifier bridge (WTE reference 2W10), a capacitor
to improve the charging process and the rectified signal,
another capacitor for energy storage (from 50 to 22,000
uF electrolytic aluminum generic brand), and a voltage
regulator LM 7805 [19]. The measurements were obtained
on the oscilloscope GWINSTEK GDS series 2000a [20].

2.4 Tile design

The tile is made of triangular geometry, so as not to deform
when a force acts on its surface. It has three springs
below its vertices, which returns the tile to its original
position through a damped oscillation [9], in this way it will
allow to contain the mechanical energy and bring the tile
to its initial state without suffering permanent deformation
as shown in Figure 4. These springs are kept aligned
by three rails. The springs move four guides vertically
applying a mechanical tensile and compression stress to
four cantilever beams. Each beam has a piezoelectric
generator, each of which generates a voltage in response
to a mechanical load.

F F F

"

Cantilever beam

LR R

Sepport guide

NN

spring [

Figure 4 Design of the tile (front view)

3. Governing equations

3.1 Analysis of piezoelectric

Initially, the potential energy E'p generated in each step is
calculated by Equation 1.

Ep = baw.Pgh (1)

Where Ep is given in Joules (J] [7], P is the weight given
in kg, g is the gravity, h is the height that the tile surface
is moved per step (around 0.0005 m), b.w. is the number
of times the weight of the body is applied. The maximum
amplitude of the vertical reaction force when walking is 1.0
to 1.5 b.w. (body weight) and running approximately about
2.0to 2.9 b.w. respectively [21]. While, the average weight
of a person in Colombia is around 70 kg.

3.2 Voltage generated

The voltage generated by the piezoelectric is given by

Equation 2.
F
V=-— <933hA> [2]

Where V' is the generated voltage, gs3 the piezoelectric
constant, h thickness or piezo length, F'is the force exerted
on the piezoelectric, and A is the area of the piezoelectric.
The force exerted on this area of the piezo is also called
level piezoelectric stress. It considers the geometry of the
piezoelectric [22] . A negative sign means the voltage is out
of phase with the load.

3.3 Field strength

The field strength E is given in V/ mm and is given by
Equation 3.
E = —g33T (3)

where gs3 is the piezoelectric constant, 1" is the applied
strain [23].

3.4 Mechanical deformation

The mechanical deformation energy is a result of the
mechanical strain T" introduced into the piezoceramic. The
mechanical strain 1" is the quotient of force and area and
the elastic constant S33 [22] is given by Equation 4.

1
Wmec - §SSSUT2 [4]

3.5 The electrical energy

The electrical energy We; is related to the coefficient k33
and the mechanical strain, where the deformationis in the
direction of the thickness [22] and is given by Equation 5.

Wer = K332Wmec (5)

3.6 Beam analysis

This analysis is used to find the natural frequencies [18],
which are given by Equation 6.

\? [ET

F, =
2nLZ2\V m

(6)
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Table 4 First simulation based on the dimensions with steel

Height Base Length :':;uur:rllcy #1 :':Luur:;cy #2 :':tquur:rllcy #3 Inertia Weight per
4 kg
h (m) blm) Li(m) (Hz) (Hz) (Hz) (m*) length (72)
0.00063 0.041 0.041 7.79 48.84 136.77 8.54E-13  322.26
Table 5 First iteration of the beam dimensions using steel as material
Height Base Length :lr:;uur:rl\cy #1 :‘rzguur:r:cy #2 :lraetquur:rl\cy #3 Inertia Weight per
4 kg
h (m) blm) L (m) (Hz) (Hz) (Hz) (m*) length (72)
0.00063 0.041 0.041 7.85 49.25 137.91 321.85  8.54327E-13
0.015 0.0254 0.08 135.13 846.90 2371.36 628 7.14375E-09
0.009 0.05 0.07 123.04 771.10 2159.10 549.5 3.0375E-09
Table 6 Second iteration of the beam dimensions using aluminum as material
Height Base Length :'::uur:rl\cy #1 :':Luur:;cy #2 :::uur:rl‘cy #3 Inertia Weight per
4 kg
folm—blml Lm) gy, (Hz] (Hz2) tm7)  length ()
0.00063 0.041 0.041 4.53 28.43 79.62 321.85  8.54327E-13
0.015 0.0254 0.08 78.02 488.96 1369.10 628 7.14375E-09
0.009 0.05 0.07 71.03 44519 1246.55 549.5 3.0375E-09
Table 7 Third iteration of the beam dimensions using iron as material
Height Base Length ::tquur:rl\cy #1 :':;uur:rl\cy #2 :':;uur:r:cy #3 Inertia Weight per
4 kg
h (m) blm) L (m) (Hz) (Hz) (Hz) (m?) length (72)
0.00063 0.041 0.041 5.33 33.43 93.61 322.67 8.54327E-13
0.015 0.0254 0.08 91.72 574.85 1609.61 629.6 7.14375E-09
0.009 0.05 0.07 83.51 523.40 1465.53 550.9 3.0375E-09

Where: )\ is the flexural mode, L is the length of the beam
in m, E is the modulus of elasticity of the beam, in N/m?,
I the moment of inertia of the cross section of the beam
with respect to its neutral axis in m*, m is the mass per
unit length of the beam in kg/m. Before calculating the
natural frequency, inertia at the neutral axis in Equation
7, and mass per unit length of the beam in Equation 8 must
be found [18].

I= ibh3 (7)
12

where [ is the moment of inertia of the cross section of the
beam with respect to its neutral axis in m*, b is the base of
the beam, and & is the height of the beam [18].

m =dL (8)

Where d is the material density, L is the length of the beam.

4. Analysis and results

4.1 Analysis and results of the cantilever
beam

The iterations to match the cantilever beam and the
piezo frequencies are shown in Table 4. Their natural
frequencies were obtained using Equations 6, 7 and 8. In
the research carried out by [9], it was shown that when
the piezoelectric material and the cantilever beam have
the same frequency, they resonate thereby increasing the
power generated. The natural frequency of the piezo is 2.2
kHz.

Since the natural frequencies do not match in the
first iteration, a new iteration is performed. Tables 5, 6,
and 7 were conducted with three boundary conditions for
three different dimensions. Iterations are performed until
the three frequencies of the beam are in the range of the
piezo natural frequency. From the results, the material
selected is steel, since the frequencies in two of the three



A. Echeverry-Veldsquez et al., Revista Facultad de Ingenieria, Universidad de Antioquia, No. 97, pp. 1-9, 2020

iterations are within the following range: from 1.9 to 2.5
kHz.

Once the iterations are performed and the material of the
beam is selected, the beam dimensions will be assessed
by a simulation to find its dynamic characteristics. Figure
5a shows the beam supporting 67.99 MPa and having a
maximum displacement is 0.073 mm (Figure 5b). The
above data are key in determining the cross section of the
tile and its resistance to the desired load.

(a)

(b)

Figure 5 Finite Element Analysis of the cantilever beam
obtained in the first iteration: a) stress results, and b)
displacement results

The second configuration can withstand more than 16.24
MPa (principal stress 84.23 MPa as shown in Figure
6a and have a maximum displacement of 0.1198 mm
(Figure 6b), higher than the first simulation (0.073 mm).
The dimensions of the beam were: 0.009 m height, 0.05
m wide, and 0.07 m long; suitable for the resonance
frequency of the piezoelectric material as shown in Table
5. Itis necessary to perform the simulation of the beam to
obtain the maximum displacement and stress (Figure 6).

(a) Stress analysis

(b) Displacement analysis

Figure 6 Finite element analysis of the cantilever beam
obtained in the second iteration: a) stress results, and b)
displacement results

4.2 Analysis of power generation

It was decided to store the energy in ultracapacitors
because they can store more energy for short periods
of time.  Additionally, special care should be taken
when storing the maximum amount of power to avoid
the sudden discharge of the ultracapacitor. In order to
perform a mathematical analysis of the voltage generated,
an average weight from 5 to 80 kg is applied to the
piezoelectric. The voltage generated ranges between
-1 and -14V (Table 8, and Figure 7). Deforming the
piezoceramic in length (i.e., flexural moment), the index
of the piezoelectric constant coupling factor k3; is used
instead of the index k33, Equation 2 according to [22]. To
find the field strength, the spring constant and the electric
power applied Equations 3-5. The values for the graph
were: Piezoelectric area 0.025m, thickness 0.00063m,
piezoelectric constant gs3 14Vm/N, Piezoelectric charge
constant ds; 603C/N, electromechanical coupling factor k33
68% and k3; 36% average time in seconds per step 0.52s.
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Table 8 Voltage generated according to piezoelectric stress

. Voltage . .. .
Applied Field Elasticity Electrical
weight (kg) Force (N)  Stress (Pa) [g\;:]nerated strength (V/m) constant energy (W
5 49.05 99923 -1 -1398.93 -8.43557E-07 0,68
10 98.1 199847 -2 -2797.86 -1.68711E-06 2,75
15 147.15 299771 -3 -4196.80 -2.530E-06 6.19
20 196.2 399695 -4 -5595.73 -3.374E-06 11.02
25 245.25 499619 -4 -6994.66 -4.21E-06 17.21
30 294.3 599543 -5 -8393.60 -5.061E-06 24.79
35 343.35 699466 -6 -9792.53 -5.90E-06 33.74
40 392.4 799390 -7 -11191.47 -6.74E-06 44.08
45 441.45 899314 -8 -12590.40 -7.591E-06 55.79
50 490.5 999238 -9 -13989.33 -8.43E-06 68.87
55 539.55 1099162 -10 -15388.27 -9.27E-06 83.34
60 588.6 1199086 -1 -16787.20 -1.01E-05 99.18
65 637.65 1299009 -1 -18186.13 -1.09E-05 116.40
70 686.7 1398933 -12 -19585.07 -1.18E-05 134.99
75 735.75 1498857 -13 -20984.006 -1.26E-05 154.97
80 784.8 1598781 -14 -22382.94 -1.34E-05 176.32
D is shown in Figure 9. This is: a) the cantilever beam
-2 which was simulated by a saw blade, b) the piezoelectric
= material Buzzer type, and c) servomotor which simulated
s . .
T . a mechanical load on the end of the cantilever beam.
o [0 -178ea om0
En_lo b 52.0na i
=] I Foye ABWN
Z 12 e -tz
-14 -
E:
-16 . L
0 500000 1000000 1500000 2000000 Eﬂ !‘ll‘l" ."r o Ul"““h ' A .,-u.a» i UL“\ ! |."\' il.lf'-‘:
Stress (Pa) —o' I 1..! ! 1
>
Figure 7 Voltage generated according to the applied stress
The electric power generated should be stored.
Time (ms)

Impedances and piezo electronic networks must match as
suggested by the manufacturer [22].

Figure 8 shows the voltage generated by a Buzzer type
piezo when its frequency matches the one of the cantilever
beam. The test was performed with the piezoelectric
to verify the output voltage when it was subjected to
high oscillation frequencies. This type of piezo is not
made for generation because its very low output current,
and its high impedance. A maximum power of 375 mW
was obtained with a voltage of 25 V, recalling that the
piezoelectric generates an output signal in alternating
current (AC). The vibration period of the cantilever beam
is 238 ms, as can be seen in the oscilloscope (Figure 8).
The decay ratio of the vibrations is 76.63%. The actual
module with the circuit in which the test was performed

Figure 8 Voltage generated by the piezoelectric unground
observed from the oscilloscope

4.3 Energy analysis when pedestrians step in
the tile

An 80 kg pedestrian stepping in the energy harvester will
produce 510 E-3 J, as shown in Figure 10. The power
generation process is an open loop system, because the
output does not provide a feedback to the input (Figure
11). This is done in order to rectify the signals from the
piezo. Additionally, a capacitor is used to store the energy
generated (Figure 12).
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Figure 9 Operation piezoelectric beam load simulating a
servomotor, c is the servomotor b is the cantilever beam, where:
a) the cantilever beam, b) the piezoelectric material Buzzer type,

and c) servomotor which simulated a mechanical load on the
end of the cantilever beam

0,6

Energy (J)
(=] (=] (=] o
T W = in

2
T

(=]

10 20 30 40 50 60 70 80
Average Weight (kg)

Figure 10 Potential energy generated by the weight in kg

N e 'R
Battery
Force |ED| Piezoelectric |ED| Rectification | charge B Storage
control
system
/ N\ \ J N
Figure 11 Process block open storage of energy produced by
the piezo
_ u1
03 D1 [ )
Piezoelectric | B 1 B e |"' s . —
(2 | | |eemCt ==
L 4 D2 [ u— ==
L “Y4— T

Figure 12 Proposed energy storage circuit

Before the use of the beam, an output voltage of only 5
V was generated by the piezo. When the cantilever beam
was used, an output voltage of 25 V was obtained with the
same deformation. This means an increase of 500% due
to the use of the cantilever beam, which translates into an

increase of 500% in the energy generated.

5. Conclusions

The voltage generated is greatly improved by the use of
a cantilever beam designed to resonate with the natural
frequency of the piezoelectric. The maximum voltage
reached by the beam was 25 VAC, peak to peak voltage.

The selection of the material for the cantilever beam
is a decisive factor, since the Young's modulus is one of
the most influential parameters in the natural frequency
of the beam. The implementation of a cantilever beam
should ensure optimization of space, safety, and quality.

Buzzer-type piezoelectric devices have a high impedance,
which means having a high resistivity to the current. Other
piezoelectric materials that are designed for CEP should
have better performance.

The high impedance of the piezoelectric current tends to
be very low, so it takes longer to charge the capacitor.
Therefore, ultracapacitors are recommended for this
application since charge moves much faster than within
lithium ion batteries. Thereby allowing more energy
harvesting and avoiding lost of ions. Future work will
consist in discussing the charging period and the efficiency
obtained with the circuit, with their improvements, bearing
in mind that to make this system an effective solution
engineers and researchers must work hard in the
manufacture of low energy equipment and very efficient
use of this resource.

It would be appropriate to use preferably organic
piezoelectric materials or materials that do not jeopardize
the health or the environment.
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