
1 Introduction

Recent developments in ultra-low-power devices, such as wireless sensor nodes,
active radio-frequency identification, and nanotransducers, lead to increased
demands for ambient energy harvesters to supply self-powered systems. The
conversion of low-grade ambient environmental energy, such as mechanical
vibration or heat, into usable electrical energy is known as “power harvesting,”
“energy harvesting,” or “energy scavenging.” Sensor nodes are widely utilized
in remote locations and in applications such as security networks, structure health
monitoring, and military systems.1,2 These active sensors require a self-contained
power supply, which, in most cases, is a conventional battery pack. The task of
replacing the battery is not practical and is cumbersome for remote locations
(glaciers/mountains) or inaccessible locations, including “limited access” or
“no-access” structures and toxic environments such as implanted medical devices.
The need to replace batteries can also be time consuming and complex to manage,
particularly for systems where a large number of wireless sensors are to be
deployed. Indeed, in such applications, ambient energy-harvesting solutions have
clear advantages. The recent development of ultra-low-power microelectronic
devices and sensors has led researchers to the design of passive self-powering
devices using ambient energy-harvesting techniques. Mechanical vibration energy
generated by machines and the motion of biological systems is one form of
wasted energy that could be harvested. Furthermore, this wasted energy can be
used to either improve the efficiency of technologies such as computing costs,
which could be significantly reduced if wasted “heat” were harvested and used
to help power the computer, or enable modern technologies and other devices.
Fortunately, most piezoelectric materials are also pyroelectric materials. Thus,
we can convert waste energy, both mechanical and heat, using piezoelectric and
pyroelectric effects, respectively.2 The most popular vibration energy-harvesting
technique captures power from the electrostatic,3–6 electromagnetic,7–12 piezoelec-
tric,13–16 and magnetostrictive17–20 vibration energy harvesters (VEHs). The most
recent VEH devices are based on a cantilever beam structure, which generates
continuous or intermittent resonance frequency tuning. A typical piezoelectric
cantilever beam (PCB) can produce maximum power when its resonance fre-
quency matches the frequency of the vibration source.1 In a number of cases,
the vibrations to be harvested consist of a range of frequencies, and researchers
have proven that the resonance frequency of a PCB can be modified accordingly
by using a variety of different approaches, such as changing the geometrical
PCB structure,21,22 adding a dynamic magnifier,23–26 using energy-harvesting can-
tilever arrays,27–29 and using external magnetic forces.30,31–36 There are currently a
number of researchers who have attempted to capture electric power from passive
tuning by magnetic coupling with a PCB.30,32–36 For example, by applying a mag-
netic force that acts above the PCB, it is possible to decrease the spring constant
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and the resonance frequency of the PCB,30,31 whereas applying an attractive mag-
netic force along the axis of the PCB applies axial tension and increases the reso-
nance frequency.37–39 Primarily, the use of ambient energy-harvesting
technologies will have a huge impact on socioeconomics and create ample oppor-
tunities for new jobs.

Within this context, this Spotlight provides sufficient details regarding exper-
imental work dedicated to the design, fabrication, and testing of piezoelectric
energy harvesters (PEHs) based on a system capable of generating energy with
both piezoelectric and pyroelectric effects. The aim is to provide an overview of
the energy-harvesting technologies associated with the family of “piezoelectric”
materials along with the sub-classes of “pyroelectrics.” These materials are very
attractive for a number of energy-harvesting applications, including the potential
to convert mechanical vibrations directly into electrical energy using the piezo-
electric effect and the conversion of thermal fluctuations into electrical energy
through the use of the pyroelectric effect.40

All ferroelectrics are both pyroelectric and piezoelectric, and all pyroelectrics
are piezoelectrics. Because these properties are, in many cases, present in the
same material, it produces an interesting characteristic of a material in that can
harvest energy from multiple sources, including vibration, thermal fluctuations,
and others. The candidate materials are given in Table 1.

2 Ambient Energy Harvesting Using Piezoelectric and
Pyroelectric Effects

2.1 Piezoelectric energy harvesting based on the direct piezoelectric
effect

In a typical vibrational energy-harvesting system, mechanical energy, such as the
applied external force or acceleration, is converted into mechanical energy in the
host harvesting structure. Electrical energy is then produced by the piezoelectric
material that converts strain into an electric charge, which is finally transferred
to a storage medium for later use. Thus, there are three basic processes in vibra-
tion harvesting: (i) conversion of the input vibrational energy into mechanical
energy (mechanical strain), (ii) electromechanical conversion (piezoelectric trans-
duction), and (iii) electrical energy transfer. PEHs offer a number of advantages
compared to other transduction mechanisms, including high-energy conversion,
high-energy density, high-output voltage but low-current level, and high-output
impedance, including ease of integration with other systems.38 The performance
of a PEH device based on a PCB is evaluated by the determination of the reso-
nance frequency of the structure at a variety of electrical and mechanical loads.
Thus, measuring input and output voltages, acceleration, displacement, and the
frequency of vibration are desired practical parameters to fully characterize
a PEH.
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