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ABSTRACT

Purpose: The main goal was to determine the efficiency of converting kinetic energy into
electrical energy in piezoelectric materials. The article presents research results regarding the
relationship between the number of piezoelectric transducers, the generated voltage, and the
relationship between the pressure force and the induced voltage.

Design/methodology/approach: Experimental research began with determining whether
the voltage generated by piezoelectric transducers connected in series is proportional to their
number. The spacers were then applied to see if this increased the performance of the test
platform. The latest tests were carried out at the author's measurement station.

Findings: The authors of the work researched electricity generation by piezoelectric materials,
confirming their potential but showing limitations related to the brittleness of the materials. The
work suggests the possibility of improving the efficiency of these materials by examining the
influence of the pressure frequency on the obtained value of the generated voltage.

Research limitations/implications: The main limitation was the need to develop an optimal
test platform design that would effectively use the piezoelectric potential of the transducers while
preventing their damage. The results were not entirely satisfactory; therefore, future research is
intended to optimise the parameters of transducers and the test platform to maximise efficiency
in converting mechanical energy into electrical energy.

Practical implications: A practical application of the obtained results may be using
energy produced using piezoelectric membranes in renewable energy, for example, to power
streetlamps, road signs, or other low-power devices.

Originality/value: The main originality of the research is the possibility of its practical
application. Research on such many piezoelectric membranes connected in series is rare,
which makes this configuration original.
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PROPERTIE

Piezoelectric materials convert mechanical energy, such
as vibrations or pressure, into electrical energy. Such
property makes them valuable in various applications where
harvesting energy from mechanical movements is essential.
Such innovative materials have been studied for nearly a
century now. Their properties are being enhanced to be used
in novel applications. In the paper [1] Habib et al. present an
overview of piezoelectric materials divided into three
classes: ceramics, polymers, and composites. The materials
under each class were examined and compared, with a
concentration on their linear piezoelectric response.

Piezoelectric materials have a vast set of applications,
including medicine (as a power source for pacemakers [2,3]
similarly to TPU-based nanocomposites filled with
halloysite nanotubes, they are used in regenerative therapies
after oncological surgery [4,5]), sonar technology whether
renewable energy technology (for example a system
of plates from Pavagen that convert kinetic energy generated
by people into electricity [6-8]). Both piezoelectric materials
and organic waste in composites [9] can be seen as elements
of sustainable technologies. Piezoelectric materials can help
produce electricity from mechanical energy, which can be
used to power electronic devices. At the same time, using
organic waste as fillers in composites can help reduce waste
and minimise environmental impact. Piezoelectric materials
can also generate electricity from the oscillations or
vibrations of motorcycle riding. The energy can be used to
charge the motorcycle's battery, which, together with
optimising the weight of its frame [10,11], could
significantly reduce its price. In the paper, Gadgay et al.
[12], propose a model that utilises human strolling, hopping,
and running as a spring of electrical energy. Also, in [13,14]
Somashekhar et al. and Bhatele et al. describe research on
using piezoelectric materials to convert the force generated
by human footsteps into a useful form of electricity.
Researchers have shown that mounting one piezoelectric
plate (piezotile) can create a maximum of 5-8 volts. They
concluded that installing many piezotiles would generate
high voltage but did not support it with research.

The article’s authors researched to determine the
relationship between the number of piezoelectric sensors
and the generated voltage, as well as the relationship
between the pressure force on the original test platform and
the induced voltage.

Figure 1 shows the designed test platform, which
consists of 48 piezoelectric transducers connected in a
series—this method of connecting the transducers allowed
for summing the voltage values of the generated current.

Fig. 1. Designed test platform

To convert alternating current into direct current, the
Graetz diode bridge was used, which allowed the generated
energy to be stored in the battery, as shown in Figure 2. One
of the parameters characterising the diode bridge is the
switching time. The parameter should be interpreted as the
time parameter when the diode bridge changes from
conducting to non-conducting. The faster the switching
time, the quicker the alternating current will be rectified into
direct current. The aspect is crucial when obtaining energy
from piezoelectric materials because they produce an
electric charge on their surface when deformed. However,
when the piezoelectric materials are not deformed, these
transducers return to their original form. During the process,
the polarisation of the electric charge changes. This should
be interpreted to discharge the energy accumulated on their
surface. Therefore, severe energy losses may occur if the
current is rectified for too long. For this reason, the Graetz
diode bridge was made of four Schottky diodes [15-16].
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48 PIEZOELECTRIC ELEMENTS CONNECTED IN SERIES
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Fig. 2. Electrical diagram of the platform for testing the electrical properties of piezoelectric membranes

To avoid the risk of damaging the piezoelectric
transducers under the influence of a point load, a plate
attached to the linear motor was used as the type of pressure
on the piezoelectric materials, as shown in Figure 3.
The purpose of the system was to simulate the pressure of
ahuman foot under conditions that provide a constant
surface on which the pressure is exerted [17].

Fig. 3. Author's measurement station

The actuator was controlled using a lever switch, as
shown in Figure 4.

42V 10A LABOLATORY
POWER SUPPLY

154 FUSE LEVER SWITCH
I u

'
+

12V DC LINEAR ACTUATOR

Fig. 4. Diagram of the actuator control system

The main goal of the research was to determine the
relationship between the voltage value of the generated
current and the value of the pressure force. In addition, the
amount of generated electricity was determined. For this
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purpose, a capacitor was used as an energy store [18,19].
Knowing that the energy E stored in a capacitor with
capacity C and the applied voltage V' is equivalent to the
work done by the battery to transfer the charge QO to the
capacitor, the relationship can be determined:

—l.pop.y=1.0.p2
E=--Q:V=2:C-V (1)

where:

E — energy stored in the capacitor, in J,

C — capacity of the capacitor, in F,

V — applied voltage, in V,

Q — charge accumulated in the capacitor, in C.

Using the formula (1), the amount of energy generated
by the test platform was determined.

Strain gauge sensors were used to measure the pressure
force on the test platform. The diagram of their connection
with the HX711 amplifier and microcontroller is shown in
Figure 5.

Upper Right Sensor
Red Wire >> A->> WHT

Upper Left Sensor
Red Wire >> E->>BIK

Arduino Uno Rev 3

Strain gauge sensor
connector intoa full
bridge

HX711 strain
gauge sensor
amplifier

Lower Left Sensor
Red Wire >> A+ >> GREEN

Lower Right Sensor
Red Wire >> E+>>RED

Fig. 5. The actual model of the test platform

Based on the literature study [20-23], a research problem
was formulated to determine the influence of the number
of series-connected piezoelectric transducers on the amount
of generated voltage. For this purpose, preliminary tests
were carried out to verify whether the voltage increase in
the system in which piezoelectric transducers are connected
in series is cumulative.

The research was divided into two stages. The first
determined the value of the alternating voltage initially
generated by the piezoelectric transducer. In the second case,

the value of the direct voltage after connecting to the rectifier
bridge system was checked. First, the value obtained by a
single piezoelectric transducer was measured, and then the
value was summed for the assumed number of piezoelectric
transducers. The values are presented in Table 1. Then, the
output voltage for the series-connected piezoelectric
transducers was measured. The obtained results are shown
in Table 2.

Table 1.
The theoretical voltage values
No of piezo DC voltage, V AC voltage, V
1 0.67 13
2 1.34 26
4 2.68 52
8 5.36 104
Table 2.
The experimental voltage values
No of piezo DC voltage, V AC voltage, V
1 0.67 13
2 0.71 29.8
4 0.88 49.7
8 0.96 61.4

It is known from the literature study, including those
described in [24-26], that piezoelectric transducers used to
generate electricity need adequate space to deform their
structure freely. The results presented in Tables 1 and 2 were
performed on a substrate where the transducers had small
spaces for free deformation. Therefore, in the next part of
the research, appropriate spacers provided optimal space for
the transducers. The spacers are presented in Figure 6.

Fig. 6. The spacer

Figure 4 shows the position of the transducer relative to
the spacer, which is marked in red. The dashed line shows
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the recess that allows the transducer to deform freely. The
results of the measurements performed using spacers are
presented in Table 3.

Table 3.
The experimental voltage values — platform test with spacers
No of piezo DC voltage, V AC voltage, V
1 0.70 52
2 0.97 70.8
4 0.92 81.7
8 0.95 87

The results obtained from preliminary tests indicate that
with the increase in piezoelectric transducers connected in
series, the value of the generated voltage increased.
However, this relationship was not linear. Based on the
results presented in Tables 1 and 2, with the increase in the
number of transducers, the increase in the obtained voltage
was smaller and smaller. The use of spacers significantly
improved the efficiency of piezoelectric transducers. The
voltage value obtained for one transducer increased 4 times
and eight — 1.5 times.

The following research stage was to determine the
relationship between the pressure force on the test platform

(Fig. 1) and the voltage generated by the piezoelectric
transducers. The tests were carried out at the author's
measuring station (Fig. 3). A capacitor with a capacity of
22 pF and a maximum voltage of 450 V is connected to the
system (Fig. 2). Its charge level was checked using a
multimetre. Before each measurement series, the capacitor
was discharged. Figure 7 presents the graphs of the
dependence of the generated voltage on the pressure force
for three representative series.

Based on the graphs presented in Figure 7, the
relationship between the generated voltage and the pressure
force is not linear. In the case of the first series, the
maximum generated voltage was 192 V with a pressing
force of 923 N. For the second series, it was 153.1 V at
859 N; for the third series, it was 150 V at 987 N. In the case
of the first two measurement series, it was observed that after
exceeding the pressure force of 600 N, the increase in the
generated voltage was significant. However, in the case of
the last series, a substantial increase in the induced voltage
occurred after exceeding the pressure force of 85 N.
At a value of approximately 100N, it increased less
dynamically.

The capacitor power was determined for the results
of three series. The results are presented in Table 4.
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Fig. 7. Graph of the dependence of the generated voltage on the pressure force

Table 4.
The power accumulated in the capacitor
1 series 2™ series 3" series
The capacitor charge level, V 12.6 3.74 45.1
The power accumulated, uJ 1746.36 153.87 22374.11
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The lowest power generated by the test platform was
153.87 pJ. In the case of the most extended measurement
cycle, a power of 0.0223 J was developed.

The authors of the work make a significant contribution
to research on using piezoelectric materials to generate
electricity. Their experiments and analysis of the results may
contribute to developing sustainable energy technologies.
The work is an original approach to the topic. It suggests that
further research and experiments may lead to more effective
solutions using piezoelectric materials to convert kinetic
energy into electrical energy.

The main conclusions resulting from the research
discussed in the article are:

1. Confirmation of the ability of piezoelectric materials to
generate electricity: The experiments proved that
piezoelectric materials could generate electricity by
exerting pressure on them.

2. Limitations of Piezoelectric Materials: Research has
shown that piezoelectric materials such as lead zirconate
titanate (LZT) are brittle and susceptible to failure under
too much pressure. Determining the maximum pressure
that can be safely applied to these materials is crucial.

3. Benefits of using spacers: Experimental results showed
a beneficial effect of specially designed spacers on the
energy generated. It may provide a practical solution to
improve the performance of systems based on
piezoelectric materials.

4. Total voltage increases in the series connection of
piezoelectric elements: Although the results did not
confirm the thesis, it is worth continuing the research,
considering uniform pressure on the transducers.

The research results indicate the need for their
continuation, among others, to examine the effect of the
frequency with which we apply pressure on piezoelectric
materials on the amount of voltage generated. Although the
work has not achieved practical effectiveness, it provides a
valuable knowledge base for further sustainable technology
development. The possibilities of using piezoelectric
materials in various practical applications are worth
exploring.

The research was financed by grant no.
11/030/BKM23/1160 (Maciej Mrowka).
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