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Abstract: This study presents the development of a piezoelectric mat prototype focused on
microgeneration of energy from mechanical pressure, targeting sustainable applications in high-traffic
areas such as educational institutions. The project is based on the property of certain materials, such as
lead zirconate titanate (PZT), to generate electric charge when subjected to deformation. Thus, 40
piezoelectric buzzers arranged in a matrix were used, along with rectifiers and energy storage
components. The main objective was to evaluate the technical and economic feasibility of the system,
considering different electrical (series, parallel, and mixed) and structural configurations. The
mechanical assembly was made with MDF boards, springs, and EVA layers to protect the sensors.
Tests indicated that the Schottky diode (IN5817) was the most efficient due to its low forward voltage
(0.24 V). With structural and connection adjustments, the best configuration achieved a current of
176.9 pA and a voltage close to 10 V, reaching a power output of approximately 30 mW. The data
showed a proportional relationship between voltage and current (Ohm's Law), with a low standard
deviation (3.25 mA), suggesting system stability at a small scale. The research confirms the system's
potential to power low-consumption sensors, contributing to sustainable solutions for the educational
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1. INTRODUCTION

The growing demand for sustainable energy sources is driving the development of
technologies capable of converting ambient energy into usable electricity. In this context,
piezoelectricity—a phenomenon discovered by the Curie brothers in 1880—has been
extensively studied as a viable solution for the microgeneration of electrical energy from
mechanical pressure and vibrations. This technology stands out for enabling the direct
conversion of kinetic energy, derived from everyday movements, into electricity without the
need for external sources or fossil fuels. High-traffic environments such as schools,
universities, and public spaces represent strategic opportunities for the implementation of
piezoelectric systems, especially when integrated into floors, staircases, and circulation
surfaces. The energy generated can be used to power low-consumption sensors, automation
systems, LED lighting, or Internet of Things (IoT) devices, thus contributing to greater energy
efficiency and reduced environmental impact.

Numerous national and international studies have explored the potential of this
technology. Experimental prototypes have already demonstrated the capacity to generate
power on the order of milliwatts per step, as shown by Selim et al. (2024) and Atik et al.
(2023). These studies show that the application of piezoelectric systems in urban and
institutional contexts is not only feasible but can also provide an accessible and educational
alternative for promoting sustainability. In this context, IoT stands out in the design of low-
power devices by enabling the development and use of efficient sensors that consume
minimal energy while providing crucial data for managing and optimizing processes, whether
in smart cities, agribusiness, healthcare, or smart homes. The integration of these devices with

data analysis platforms and web connectivity not only offers convenience but also provides
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opportunities to enhance efficiency and sustainability across various sectors, making
operations more economical and environmentally friendly.

This work proposes the development of a low-cost piezoelectric mat using commercial
buzzers as transducers to capture the mechanical energy generated by walking in educational
institutions. The objective was to assess the technical and energy feasibility of the system,
exploring its application as a tool for environmental awareness and technological innovation

within the school setting.
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Figure 1. Sources for energy harvesting.

2. PIEZOELECTRICITY

Energy harvesting (also known as energy capture or waste energy recovery) is the
process by which ambient energy from a system is converted into usable electrical energy.
Energy harvesting allows electronic devices to operate in locations where no conventional
power source is available, eliminating the need to install wiring or make frequent visits to
replace batteries.

An energy harvesting system typically includes circuits to charge an energy storage
cell and manage power, providing regulation and protection. In the Figure 1 illustrates the

various forms of ambient energy harvesting, including light sources (captured by photovoltaic
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cells), vibration or pressure (captured by a piezoelectric element), thermal differentials
(captured by a thermoelectric generator), radio frequency energy (captured by an antenna),
and even biochemically produced energy (such as cells that extract energy from blood
glucose). However, to optimize energy harvesting, it is necessary to develop extraction
circuits and energy storage devices (Figure 2). The electronic circuits must minimize the
losses of the extracted energy, typically employing AC/DC converters composed of nonlinear
circuits with diodes, transistors, synchronized switches, among others. Therefore, for the

effective use of harvested energy, a source, an extraction circuit, and a storage device are

"
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Figure 2. Energy Harvesting Flow.

required, as illustrated in Figure 2.

In this work, the energy harvesting source will be based on piezoelectric materials,
generating the so-called piezoelectricity. As previously mentioned, piezoelectric materials are
characterized by their ability to deform in the presence of an electric field and also to generate
an electric field when mechanically deformed. Thus, in piezoelectric materials, both the
mechanical stress and the electric displacement depend on the combined values of electric
field and mechanical strain. Equations 1 and 2 below represent the constitutive equations for
an orthotropic piezoelectric material, presented in the “e” and “d” forms, respectively, using
the standardized notation of the Institute of Electrical and Electronics Engineers (IEEE).

(Carbonari, 2003; IEEE, 1996; IKEDA, 1996).
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In equations (1)—~(2), [c] is the 6x6 stiffness matrix of the material, [s] is the 6x6
compliance (elasticity) matrix, [e] is the 3%6 inverse piezoelectric coupling matrix, [d] is the
3x6 direct piezoelectric coupling matrix, and [€] is the 3x3 dielectric permittivity matrix of
the material. {T} is the 1x6 mechanical stress vector, {S} is the 1x6 strain vector, {D} is the
1x3 electric displacement vector, and {E} is the 1x3 electric field vector. The superscripts E,
S, and T denote that the given property applies, respectively, under constant electric field,

constant mechanical strain, and constant mechanical stress.

= (1)
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Thus, when the piezoelectric element is pressed, a positive voltage (+e) is generated.
However, when the applied force ceases and the element returns to its original position, a
negative voltage (—e) appears. This indicates that under vibration, the voltage at the terminals
of the piezoelectric element alternates between positive and negative peaks. Therefore, it
makes complete sense to include a rectifier bridge as a key component of the energy
harvesting extraction circuit. A rectifier is essential in an energy harvesting circuit, as it
converts the alternating current (AC) generated by ambient energy sources into direct current
(DC), which can be stored or used to power low-power electronic devices. In energy
harvesting systems, sources such as mechanical vibrations (piezoelectrics), electromagnetic
radiation (RF), or even thermal variations often generate AC signals, which cannot be directly

used by devices that require a stable DC supply, as illustrated in Figure 2.

A. BUZZER
The use of commercial piezoelectric buzzers as low-cost energy harvesting devices

has been widely reported in the literature, highlighting their applicability in systems designed
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to generate energy from mechanical vibrations (Cardoso et al., 2006; Mishra et al., 2016). In
this context, the piezoelectric ceramic employed in this study is a cost-effective component
commonly referred to as a piezoelectric buzzer. It is composed of a passive brass diaphragm,
a piezoelectric ceramic disc, and a layer of conductive epoxy adhesive, as illustrated in Figure

3.
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Figure 3. Piezoelectric Buzzer

The buzzer’s passive diaphragm is an alloy composed of copper and zinc in
proportions that vary by manufacturer, typically averaging around 50% of each element. This
alloy is commonly known as brass. As a commercial component, the buzzer is produced by
various manufacturers in sizes ranging from 10 cm to 50 cm, with variations in the thickness
and stiffness of the brass diaphragm. In general, the piezoelectric buzzer is a device used to
generate sound at various frequencies. However, due to its piezoelectric properties, it can
function either as an actuator or a sensor. When an electric voltage is applied to its terminals,
it operates as an actuator, producing sound and vibration. The piezo buzzer is widely used in
applications such as alarms, timers, and audio indicators due to its low cost, energy efficiency,
and ease of control. On the other hand, when mechanical force is applied to its structure, an
electric voltage appears at its terminals, allowing it to function as a sensor and energy
generator.

According to Vieira et al. (2016), the buzzer responds to mechanical compression and

decompression by generating both positive and negative voltage peaks, which plots voltage
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amplitude over time. The generation is pulsed in nature, with the highest amplitude occurring
during compression, producing a larger negative voltage peak. Another relevant observation is
the pulse duration, which is less than one second. Nevertheless, the voltage generated can
reach relatively high values, making this device highly promising for use as a sensor. Similar
findings are reported by Garcia et al. (2012), who optimized piezoelectric buzzers for
micropump applications, reinforcing their potential in low-power sensing and actuation

systems.

B. ENERGY HARVESTING CIRCUIT

Piezoelectric buzzers inherently produce alternating voltage with both positive and
negative cycles, when subjected to mechanical stress (Vieira et al, (2016). To convert this
output into a usable DC supply, it is essential to include a rectifier circuit in the energy
harvesting system. As noted in early studies, harvesting electrical energy from an AC source
like a piezoelectric transducer into a DC storage device such as a battery or capacitor requires
AC-DC conversion, for which diode-based or transistor-based rectifiers are commonly used
(Ottman et al., 2002).

According to Pradeesh el al. (2022), a rectifier is a core component in piezoelectric
energy harvesting circuits, playing a crucial role in interface design to ensure energy can be
effectively captured, regulated, and delivered to the load. The authors emphasize that interface
circuits must be carefully designed to maximize conversion efficiency and minimize energy
loss.

Ottman et al. (2002) proposed an adaptive energy harvesting circuit (Figure 4) that
efficiently converts the alternating voltage from a piezoelectric transducer into usable DC
power. The system includes an AC-DC rectifier followed by a switch-mode DC-DC
converter with an adaptive control algorithm that adjusts the duty cycle to maximize power
transfer to the battery. Acting similarly to MPPT systems, this approach increased harvested
power by over 400% compared to unregulated charging, proving effective under varying

mechanical excitations and compatible with diverse piezoelectric configurations.
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Figure 4. Piezoelectric Buzzer

In our work, we will not use a DC-DC converter; instead, the circuit will include only
a rectifier composed of fast recovery Schottky diodes and a 100 uF@16 V capacitor for
filtering. Regarding energy generation using piezoelectric buzzers, a set of units connected in
series-parallel configurations is employed to increase the overall output voltage and current

levels.

C. SYSTEM ARCHITECTURE
The structure of the proposed system is divided into three main parts: energy
generation, rectification, and storage (Figure 5), representing the sequential stages of the

energy conversion process.

Figure 5. Structure of the proposed system

Stage 1- Generation: The matrix consists of several piezoelectric devices arranged in parallel
or series configurations. Each piezoelectric element operates under cyclic deformations, such
as vibrations or pressures applied to the disk. The type of piezoelectric device selected and its

physical configuration directly influence the system’s performance. Typically, piezoelectric
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buzzers generate voltage in the range of 1V to 20V, depending on the applied force.
Moreover, the number of elements in the matrix affects the energy density of the system,
enabling greater energy harvesting in smaller areas.

To assemble the prototype, 30 mm holes were drilled to mount the buzzers onto an
MDF board measuring 27 cm % 16 cm. After gluing the buzzers in place, a second MDF board
was positioned on top, forming a sandwich structure: the piezoelectric buzzers were enclosed
between the first and second MDF layers. The boards were fastened together using six sets of
screws, nuts, and washers, with springs inserted between the layers. This design allows
compression movement of the piezoelectric elements without damaging them. The assembled
structure can withstand loads of up to 100 kg without compromising the integrity of the
ceramic disks, while still enabling the necessary mechanical displacement.

For the electrical connections, the red wire was soldered to the brass diaphragm, and
the black wire to the piezoelectric ceramic layer. All 40 units were soldered using the same
configuration and positioning. To ensure gentle mechanical contact between the top MDF
layer and the ceramic element, a layer of EVA (ethylene vinyl acetate) was placed over each

piezoelectric disk, helping to reduce mechanical impact and protect the ceramic surface.

3. RESULTS AND DISCUSSION
In order to analyze the main component for the development of a low-power
extraction circuit, an experiment was conducted using a variable DC power supply (0-25V)
connected in series with a 100Q resistor and a diode (Figure 6). In this experiment, three types
of diodes were tested: a germanium diode, a Schottky diode (1N5817), and a standard rectifier
diode (IN4001). The goal was to determine which diode exhibits the lowest forward

conduction voltage.
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Figure 6. (a) Illustration of the experimental electrical circuit; (b) Experimental setup; (c)
Experimental Results

A total of five measurements were conducted for each diode type to determine the
mean forward voltage drop and its associated standard deviation. The germanium diode
exhibited an average forward voltage of 0.34 V with a standard deviation of 0.02 V. The
Schottky diode (IN5817) demonstrated a mean value of 0.24 V and a standard deviation of
0.01 V. The silicon diode (1N4001) recorded an average forward voltage of 0.64 V with a
standard deviation of 0.02 V. These results are consistent with the expected electrical behavior
of each diode technology, particularly in relation to their characteristic threshold voltages
during conduction.

Therefore, according to the project's requirements, the choice of diode for the
piezoelectric mat depends on low forward voltage and fast reverse recovery time. Thus, the
Schottky diode IN5817 was considered the most balanced option, given its low average
forward voltage (0.24 V) and fast reverse recovery time (50 ns). Accordingly, the rectifier

bridge was assembled using four 1IN5817 diodes.
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Figure 7. (a) Configuration of series and parallel connections; (b) Full experimental setup

Figure 8. Current Measurement Circuit.

In the Figure 8 presents the circuit developed for measuring the electric current
generated by a piezoelectric matrix composed of multiple elements arranged in parallel. When
subjected to mechanical pressure, the matrix generates an alternating voltage that is rectified
by a diode bridge, converting the output into direct current. This voltage is then smoothed by
an electrolytic capacitor, allowing temporary energy storage. The load, formed by a resistor
and an LED, enables the dissipation of the generated energy, allowing visualization of the
system's operation. A current sensor (INA121), coupled to the circuit, monitors the intensity

of the current flowing through the load. The captured data is sent to an Arduino Uno
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microcontroller, which performs analog reading and signal conversion. In parallel, the system
is connected to a Python programming environment, which collects, stores, and analyzes the
data received via serial communication. This experimental setup allows the evaluation of the
piezoelectric matrix performance under different pressure conditions, providing input for the
design and application in energy harvesting systems. The circuit is low-cost and shows

potential for use in educational projects and prototypes focused on sustainability.
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Figure 9. Current Measurement Results.

The red line in the Figure 9 represents the linear fit of the data, describing the overall
observed behavior. The standard deviation, indicated as 3.25 mA, quantifies the dispersion of
the points relative to the trend line, being moderate and suggesting small variations, possibly
attributed to system noise or external factors related to the setup. This type of behavior is
typical of simple circuits, such as resistors or systems based on piezoelectric materials, in
which the current responds linearly to the applied voltage. However, the deviations of the
points from the trend line may result from experimental errors, such as inaccurate
measurements, data acquisition issues, fluctuations in the applied voltage, or variations in
circuit resistance.

Therefore, to enhance the understanding of the system's performance, a greater
number of tests are required to more accurately quantify the piezoelectric generation per
square meter as a function of the applied pressure and the frequency of the exerted force.

Conducting these analyses will allow for the determination of the maximum pressure
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supported by the piezoelectric element, optimizing its efficiency and enabling more effective
applications in energy harvesting and storage systems. Moreover, such studies will contribute
to the development of strategies that minimize losses and expand the applicability of the
technology in various personal, industrial, and environmental contexts. Nonetheless, for low-
power consumption systems, the development and improvement of piezoelectric energy
harvesting may represent a promising path in the future. Furthermore, the extractor circuits
deserve significant attention, as they are capable of performing their functions while

consuming less energy.
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