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Preface

Energy harvesting remains a topic of intense interest, and this Spotlight provides a
brief timely overview of the energy-harvesting mechanism employed by piezo-
electric and pyroelectric candidate materials. Piezoelectric materials provide
solid-state conversion between electrical and mechanical energy, can be manufac-
tured at small scale, and can be integrated into microscale devices or even elec-
tronic circuits. Several potential materials and device design/configurations
along with basic properties are presented. As vibration energy harvesting matures,
it is likely that it will be deployed in more hostile environments. The use of pyro-
electric harvesting to generate electrical energy from temperature fluctuations is
less well studied. Because pyroelectric materials are also piezoelectric, designs
that use thermal fluctuations or gradients to generate mechanical motion or an
addition of strain to enhance the secondary pyroelectric coefficients are also of
interest. Surprisingly, little work has been attempted to combine piezoelectric-
and pyroelectric-based harvesting mechanisms. Keeping in view their importance
for potential energy harvesters, it is warranted to describe in detail all of the rel-
evant parameters and the available respective measurement techniques. This
Spotlight describes all parameters required for piezoelectric and pyroelectric
energy harvesters along with measurement techniques used by the authors.
Finally, an ambient energy-harvester testing station, developed to investigate the
performance of a cantilever-based energy harvester setup in the authors’
Clean Energy Laboratory, is described along with the implementation of
LabVIEW software to control instruments and acquire data from a piezoelectric
energy-harvesting test station. All of the experiments are performed on an isolated
optical bench to avoid interference from mechanical noise that may exist in the
surrounding environment. The system provides an integrated approach to charac-
terize key performance indicators for energy-harvesting materials and devices.

This Spotlight provides step-by-step instructions to help readers set up their
laboratory in order to characterize and analyze the performance of energy harvest-
ers. The state-of-the-art instruments presented herein intended as examples, and
alternative products are commercially available.

vi
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Batra et al.: Design, Fabrication, and Testing of Piezoelectric Energy Harvesters 1

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.'” 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.” The most popular vibration energy-harvesting
technique captures power from the electrostatic,”® electromagnetic,”'? piezoelec-
tric,”*'° and magnetostrictive!’?" 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.' 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,”’”> adding a dynamic magnifier,”>*° using energy-harvesting can-
tilever arrays,”’’ and using external magnetic forces.’*'*® There are currently a
number of researchers who have attempted to capture electric power from passive
tuning by magnetic coupling with a PCB.***7° 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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2 Batra et al.: Design, Fabrication, and Testing of Piezoelectric Energy Harvesters

and the resonance frequency of the PCB,**! whereas applying an attractive mag-
netic force along the axis of the PCB applies axial tension and increases the reso-
nance frequency.’’’ 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.*’

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.*® 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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4 Batra et al.: Design, Fabrication, and Testing of Piezoelectric Energy Harvesters

The materials given in Table 1 are piezoelectric. Crystals that procure a
charge when compressed in any way are called piezoelectric. This behavior
provides a useful transducer effect between electrical and mechanical oscillations.
The nature of the piezoelectric effect is related to the existence of electric dipole
moments in solids. The change of polarization is of importance for the piezoelec-
tric effect, in particular when applying mechanical stress, produced by either a
reconfiguration of the dipole-inducing surroundings or by reorientation of
molecular dipole moments under the effect of the external stress. Figure 1 illus-
trates the mechanisms of direct piezoelectricity.

2.2 Piezoelectric effect for energy harvesting

The greatest use of energy captured from the environment involves converting it
into electrical energy, which requires an energy harvester or energy scavenger.
A harvester is an energy-harvesting device designed to convert mechanical energy
into electricity, depending on the characteristics of the environmental motions. A
system like this usually has a resonant frequency that can be designed to match
the characteristic frequency of the environmental motions. Detailed analysis of
the mechanisms of mechanical energy harvesting can be found elsewhere.'*®

3 Design and Fabrication of Energy Harvesters

Piezoelectric materials are non-centrosymmetric crystalline materials that have
dipole moments. When an external strain is applied, they generate an output volt-
age. This effect in piezoelectric materials is known as a direct piezoelectric effect,
which is utilized in PEHs. On the other hand, the application of an electric field
on the surface of piezoelectric materials produces a strain on the materials, i.e.,
an indirect piezoelectric effect. Depending on their structures, piezoelectric materi-
als can be classified into four groups: single crystals (SCs), polymers, composites,

Figure 1 Mechanisms of piezoelectricity.
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Batra et al.: Design, Fabrication, and Testing of Piezoelectric Energy Harvesters 5

and ceramics. Some typical examples of the most-used piezoelectric materials
include the ceramic lead zirconate titanate (PZT), the SC lead magnesium
niobate-lead titanate (PMN-PT), and the polymer polyvinylidene fluoride
(PVDF). All of these are sub-groups of piezoelectric materials called “ferroelec-
trics.” These materials possess a permanent dipole below the Curie temperature,
which makes them piezoelectric. The ferroelectric SCs, ceramics, composites,
and polymers have their own advantages and limitations. PVDFs have high flexi-
bility and strength, which makes them suitable for applications in large bending
or curved mounting surfaces but have a relatively low charge coefficient.
Although ferroelectric SCs, ceramics, and composites have superior piezoelectric
characteristics to polymers, they have poor flexibility and strength.

The various kinds of piezoelectric transducers, such as monomorphs,
bimorphs, membranes, or stacks, can be utilized for energy scavenging from
ambient sources. Because a single configuration is not suitable for all applica-
tions, energy harvesters, in general, are designed for a specific purpose with a
certain frequency range. As the piezoelectric power output is maximized at reso-
nance frequency, the efficiency and power density of piezoelectric vibration
energy are strongly frequency dependent. The typical vibration frequency of
human and animal motions ranges from 1 to 30 Hz, whereas machinery equip-
ment has a frequency of 100 Hz or higher. Piezoelectric ceramics are normally
used for higher vibration frequencies (100 Hz or higher) because of the suitability
of the fabricated elements with higher resonance frequencies. But the fabrication
of lower-frequency VEHs is complicated because of the limits of the dimensional
and weight constraints. Because of its high flexibility and low natural frequency,
the PCB is the most popular structure in energy harvesting. A tip mass at the free
end reduces the natural frequency and enhances deflection. Based on the fact that
the power-harvesting performance of a piezoelectric harvesting device is limited
to the resonance excitation, new technologies have been exploited.* >

3.1 Cantilevered energy harvesters and types of cantilever beams

Most of the recent PEH studies have focused on generating vibrations from a free
source of vibration, such as a cantilever beam. The reasons and advantages for
using cantilever beams are given in this section. Cantilevered PEHs have attracted
the most attention from researchers for several reasons. First, most of the ambient
vibrations occur at a low frequency (below 200 Hz), and a cantilever beam has
the lowest stiffness for a given size; thus, it is easier to design a low-frequency
PEH by using a cantilever beam. Second, the power output is proportional to
the average strain in the PEH, and the cantilever beam generates the highest aver-
age strain for a given mechanical load. In addition, the cantilever beam is easy to
fabricate and install. When using a cantilever beam, it is fixed at one end and free
at the other (Fig. 2). A cantilever-beam piezoelectric generator can be one of three
types: unimorph, bimorph series, or parallel configuration.'
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6 Batra et al.: Design, Fabrication, and Testing of Piezoelectric Energy Harvesters

Fixed Beam

Fixed

Figure 2 Cantilever beam.

3.1.1 Unimorph cantilever

When the beam has only one piezoelectric layer (PL) attached to the substrate or
non-piezoelectric layer (NPL), as shown in Fig. 3, the device is known as a piezo-
electric unimorph cantilever.

3.1.2 Bimorph cantilever

A piezoelectric bimorph cantilever consists of two PLs sandwiching a NPL, as
shown in Fig. 4. The two PLs usually consist of the same material with the same
dimensions. The purpose of a NPL is to provide mechanical support and electrical
connection. The two PLs can be connected in series [Fig. 4(a)] or parallel
[Fig. 4(b)] to generate a high voltage or current, respectively.

3.1.3 Multimorph cantilever
A multimorph cantilever has more than two PLs. It is not as popular as the unim-
orph and bimorph cantilevers due to its complexity of fabrication. One, two, and
five thin-film PLs of the same total thickness can be used, as shown in Fig. 5,
in a multimorph cantilever.! The voltage output is inversely proportional to the
number of PLs.

The cantilever model can be used in two different modes: 33-mode and
31-mode. The former (compressive or longitudinal mode) means that the voltage
is obtained in the three directions parallel to the direction of the applied force.

A4

Clamp PL NP

Figure 3 Piezoelectric unimorph cantilever.
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VA
HE (]

Clamp PL NPL

Figure 4 Piezoelectric bimorph cantilevers in (a) serial and (b) parallel connections. Arrows
indicate the poling direction.

f

g l |
o 1

S I I
t

1-layer 2-layers S-layers

200 pm x 1 100 pm x 2 40 um x 5

Figure 5 Multilayer PEH."

The latter (transverse mode) means that the voltage is obtained in the one direc-
tion perpendicular to the direction of the applied force. The 31-mode is most use-
ful for harvesting applications because an immense proof mass would be needed
for the 33-configuration.

3.2 Modeling cantilever beams

An investigation of the output parameters of a cantilevered energy harvester
requires a complete physical and theoretical description of the electromechanical
interactions of the system. This combined mechanical system represents a
cantilever beam, and an electrical source represents a piezoelectric material.
Mechanical vibrations produce an oscillating motion of the piezoelectric
material. The resulting strain on the PL generates an alternating current (AC)
voltage signal along the electrode layer. Mechanical vibration in a cantilever
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8 Batra et al.: Design, Fabrication, and Testing of Piezoelectric Energy Harvesters

beam follows the linear theory of elasticity and can be simplified using the
Euler—Bernoulli beam theory. However, this theory is a simple theoretical
method to calculate the load carrying and deflection of thin beams; it is also a
special case of the Timoshenko beam theory, which deals with thick beams
and accounts for shear deformation and the rotational inertia effect. In recent
centuries, additional analyses have been developed, such as plate theory and
finite-element analysis.

3.3 Design optimization technique of polyvinylidene fluoride-based
piezoelectric energy harvesters

It is always desirable to optimize the performance of any device to obtain the
maximum output through the interdependent respective properties and parameters.
In the case of PEHSs, the properties of the piezoelectric materials are important and
powerful factors that can be used to improve their output capability. However, in
PEHs, the potential of the material is less likely to be fully exploited without an
optimized configuration. Song et al.”* recently proposed an optimization strategy
for a PVDF-based cantilever-type PEH to achieve the highest output power den-
sity with the given frequency and acceleration of the vibration source. The authors
reported that the maximum power output density only depends on the maximum
allowable stress of the beam and the working frequency of the device. These
two parameters can be obtained by adjusting the geometry of the PLs. A fabri-
cated device with a volume of 13.1 mm® showed an output power of 112.8 pW,
which is comparable to the best-performing piezoelectric-based energy harvesters
with a similar volume.

3.3.1 Configuration of a polyvinylidene fluoride-based bimorph piezoelectric
energy harvester

Figure 6 illustrates the basic structure of a PVDF-based PEH device.”® The
bimorph cantilever beam is completely made of PVDF film, with the steel load
mass adhered to the free end of the beam that is clamped by the fixed end. The
PVDF films are each 50 pm thick, with a thin Ag electrode on the surface, and
are bonded in the same polling and stretching directions. The adhesive layers
between the PVDF films and the two pieces of load mass are attached to the
end of the PVDF beam with an epoxy whose thickness can be ignored. The two
layers of the PVDF are connected in parallel in the circuit with a resistance as
an output load.

3.3.2 Analytical modeling of a bimorph piezoelectric energy harvester
Song et al.”® suggested two approximations due to the low electromechanical
coupling coefficients of PVDF (k;; < 1) in the following analysis: (i) the optimum
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Piezoelectric Layer * t
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Ag Electrode External Load Polling Direction

Figure 6 Configuration of a PVDF-based PEH device.

working frequency of the harvester equals the natural frequency of the beam, and
(ii) the indirect piezoelectric effect is neglected.

The optimum working frequency of the device with an external load lies
between the open-circuit frequency (fopen) and the short-circuit frequency (finor)-
Furthermore, the natural frequencies of a piezoelectric beam under open- and
short-circuit conditions are correlated:*’

fshort :fopen \/ 1- k%l (1)

As the ks of a PVDF is only about 0.12,>*' the difference between f;ye, and
fanort 18 commonly within 1%. The electromechanical coupling coefficient of the
device is even lower than that of the material.

Typically, the cantilever under vibration excitation can be approximately
treated as a spring with damping and a point mass, as illustrated in Fig. 7(a).

(a) () Wd(Le) (b) z
— — N m(t)

/] c L.

’ T )

; Point ;

y mass, m ‘] 4 > X
YAVA 7

; k (@) O e

Figure 7 (a) The damping and (b) the excitation model.
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10 Batra et al.: Design, Fabrication, and Testing of Piezoelectric Energy Harvesters

When L, > L., and m,, > m, (m,, and m, represent the weight of the end mass and
the cantilever beam, respectively), an effective length of the cantilever L., which
is equivalent to L, + L./2, and an effective mass m, which is approximately equal
to my, can be used to depict the system as a cantilever with a point end mass. The
equivalent stiffness of the beam is then written as

3EI
=, @

where E is the elastic modulus of the beam material, and 7 is the moment of iner-

tia of the beam. Accordingly, w, can be derived as
EW,t,

C 4mLd

K =

) 3)
Then the movement of the point mass, in which the reverse piezoelectric
effect is not involved, can be expressed as

dzdee de Le
o2 +c d<t ) + kwy(L,) = —m—a “)
where ¢ = 2Emw,, and & represents the damping factor; the motion of the vibration
source is treated as y(f) = 4 cos(wt), where o stands for the angular frequency;
and w,(L.) represents the displacement of the mass. For a sinusoidal vibration
source, wy(L.) can be expressed as wu(L.) = w, cos(wz+ 0). Substituting the expres-
sion of w4«(L.) in Eq. (4), W, can be solved as o = w,:

d2y

_ maA
07 ke -

)

In order to determine the displacement of the neutral plane of the beam at any
point w,(x) along its length, the excitation acting on the cantilever beam through
the fixed end can be equivalent to a point force [my, mj(t)] applied at its free
end, which is illustrated in Fig. 7(b). Then w,(x) can be expressed as
wa(x) = wod(x) cos(oz + 0), where ¢(x) is the normalized shape function repre-
senting the amplitude ratio of the points at x and L.:

(Le B x)3 (Le - )C)

P00 =575 2L,

+ 1. (6)

In a linear elastic beam, the stress in the x direction in a PVDF beam can be
expressed as

d*wx

Gx(xa Z) = Ez Wa

()
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where z represents the distance to the neutral layer of the beam. With
Egs. (6) and (7) for the expression of w,(x), the maximum stress can be solved
at omax =0 (0, 1/2¢,). A relation between .., and o..« can be obtained as in
Eq. (8) with the vibration source’s acceleration ACC = AwZw:

3E ¢
Oxmax (0% - 4_§ ) L—EACC ®)

The piezoelectricity of the PVDF dictates that the relation of electric displace-
ment Ds, electric field £, and stress o, can be expressed as

D5 = d5 065, + €5, ©)

where d, is the piezoelectric constant in 31-mode, and epe is the permittivity of
the PLs under the condition of constant stress. D; is uniform within each layer
of the PVDF as there are no free charges within the PVDF. By integrating
Eq. (9) in the z direction from the neutral layer to the top surface of the beam,
E; can be replaced by the output /x:

1 1
 [¥Dsdz dy ECH [Frzdz 4 € [0 Esdz

Dy = 1 1
Etp Etp (10)
t, d*wy(x) 2e5
=dyEL=—— " P ‘R,
SR R t, R

P

where R represents the resistive load in the circuit. By integrating Eq. (10) with
the total beam surface, the generated charge O, can be expressed as

3EW dsit
0y = / / Dydxdy = =22 ot 40,) = o T R, (1)

where C.q, represents the capacitance of one PVDF layer. Since Iz = dQ./dt,
differentiating both sides in Eq. (11), and substituting /x = Iy, cos(wt+ 0,) leads
to an equation for /,. Then the average output power P can be deduced:

p_ IR
2 12
_ OE*Wid5 W5 R - OEWidy W5 1 (12)
64L2 1+ (0cequR)* ~ 6412 20Ceq,
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When and only when R = /o C,, P reaches its maximum value. We call this
R the optimum resistance, and the maximum power at resonant frequency can be
expressed

o OBRAWGEW, &
max 2 G
6412 64€S

('Oncrznax(WbLetp)' (13)

By adding the expression for 6., as shown in Eq. (8), into Eq. (13), the out-
put power density is obtained:

_ — — [ Mo} < Q) (52- R 14

Vmax — WyLet, 64e5 " ™= 64gg " Vel 14

where V stands for the effective volume of the cantilever. It is interesting that the
output power density is determined solely by 6.« and ®,. For a given vibration
environment, there exists a maximum power density that is determined by the
maximum stress allowed in the cantilever. Thus, the maximum output power den-
sity of a PVDF-PEH is achieved when 6,,,x reaches oyia (01 Oyiq divided by a
safety factor for practical use) by adjusting 7, /L2, as shown in Eq. (8). In other
words, for each given w,, there is an optimal ¢, /L2 to maximize the output power
density, and m/W, is determined by Eq. (3) accordingly, which leads to optimized
device configurations. Figure 8 presents the dependence of the optimal L, and #, on
fes for a given ACC = 10 m/s* and the given commercially available PVDF film
with 6, =30 MPa. Notably, the maximum output power density does not depend
on the vibration acceleration amplitude ACC, although the optimal L. does.

1 |l T |l I T |l T I
604 |——10Hz g
- = 35Hz
- - 70Hz
£ —-—- 100Hz| ]
=
= 404 -
£
(@]
C
Qo
o 30 4 -
=
k3]
L 20 .
w i
10— ”—"——— e 0o oo T
R R

. —————
0 50 100 150 200 250 300 350 400 450
Beam thickness / ym

Figure 8 The dependence of optimal L, and ¢, at different resonant frequencies for
ACC =10 m/s? and 6= 30 MPa.
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3.3.3 Optimized configuration of polyvinylidene fluoride-based piezoelectric
energy harvesting

This section describes the determination of an optimized PVDF-based PEH excited
by a vibration source working at 35 Hz (a frequency easily found in the surround-
ing environment) and with an ACC of 0.5 g, whose performance will be verified
with finite-element simulation and experimental test.* To ensure that the PEH can
work sustainably over a long period, 6. should be sufficiently lower than Gy
(~42 MPa®); thus, we set Gy, = 30 MPa for the optimization of the device. The
commercially available PVDF sheets used for device fabrication are 50 pm thick,
which makes the total thickness of the beam 100 pm. By using the data of a
PVDF in Table 2, the optimum ¢, /L2 can be worked out using Eq. (8), and L, is
known. The weight of the end mass m and the width of the beam W, can be deter-
mined from Eq. (3) plus the limit (preference) of the area of the device with known
®,, t,, and L.. Note that L, is determined by a combination of L, and L,,, and can set
them with a certain freedom as long as L, > L, is satisfied. Kanda et al.*’ set L, to
2 mm for convenience, and L, and 4, can be worked out accordingly. R, which is
needed for the testing of the device, can be calculated from R, = 1/® - Cequ. Once
the shape of the device is determined, the final configuration parameters of the
designed device are listed in Table 3. The expected output power density can reach
15.4 mW/cm? according to Eq. (14), which is on the same level of the best-
performing piezoceramic-based PEH devices.”® !

3.4 Design of a piezoelectric element

A variety of cantilever configurations are available in the literature.! The main
focus is to enhance their performance along with a wide frequency response.
Figure 9 illustrates a thick-film piezo—pyro element.

PVDF is a highly non-reactive thermoplastic fluoropolymer that has a piezoelec-
tric coefficient 10 times larger than any other polymers. It is also a material of high
flexibility, high toughness, and can be readily formed into a thin-film profile.
Figure 10 shows a commercially available transducer made of PVDF with electrodes.

PZT is an intermetallic inorganic compound with the chemical formula
Pb[Zr, Ti,-,] O; (0<x<1). A commercially available PZT-based epoxy canti-
lever and encapsulation are illustrated in Fig. 11.

PMN-PT has a higher electromechanical coupling than conventional piezo-
ceramics that possess exceptional properties and is poised to revolutionize appli-
cations from medical ultrasound to adaptive optics and energy harvesting.
A SC-based cantilevered harvester is illustrated in Fig. 12.

Nanopaint PZT-composite is a thick film of a composite (special paint +
PZT nanopowder), which was fabricated using cost-effective conventional
brush-painting on a copper substrate and was later silver electroded, as illus-
trated in Fig. 13.
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Table 3 Calculated parameters of the configuration.*?

Dimension of the PVDF film (mm, two layers) Lex Wy xt, 6.3%x20x%0.1
Dimension of the seismic mass (mm, one block) Ly x Wi, X hy, 2x20x3
Equivalent capacitance (pF) Coqu 672
Optimum resistance (MQ) Ropt 6.76
Maximum power density (m\W/cm?) (P/V)max 15.4

Copper Substrate
Composite Film
Silver Electrode

Figure 9 Design of the piezoelectric/pyroelectric element.

PMN-PT

Figure 12 A PMN-PT SC-based cantilever.
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Figure 13 Design of the pyroelectric/PEH cantilever.

3.4.1 Fabrication of an energy harvester utilizing a number of technologies

Design of a Cantilevered Energy Harvester by Theoretical Modeling.
Selection of Materials Based on Configuration and Fabrication Process

! 2

= Cleaning and washing of substrate to be used as cantilever
= Coating of bottom electrode if required via sputtering or
thermal evaporation

L |

Fabrication of thin film on coated cantilever with one of the following
techniques:
» Sputtering technique
» Sol-gel technique
» Laser ablation
» Chemical-vapor deposition
» Spin coating
Fabrication of bulk material/thick film/single crystalline/composite-based
cantilever with one of the following techniques:
Screen printing
Doctor blading
Brush painting
Solution casting
Flux technique for crystal growth
Ceramic processing

YVVVVVYVY

|

» Electrode formation onto a coated functional film

with thermal evaporation or sputtering, if required

Poling with an appropriate method

Wire bonding and encapsulation, if needed

Testing for determination of performance of the harvester

>

X3

*

X3

*

X3

o

4 Pyroelectric Energy Harvesting Based on the Direct
Pyroelectric Effect

4.1 Pyroelectric-based harvesting

The pyroelectric effect is exhibited by polar materials due to the temperature
dependence of their electrical polarization.’* Pyroelectric materials are of interest
due to their high-thermodynamic efficiency, and unlike thermoelectrics they do
not require bulky heat sinks to maintain a temperature gradient. One of the
technical challenges in pyroelectric harvesting systems is to develop methods to
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generate temperature oscillations to harvest power. An additional challenge is that
the inherent large thermal mass of materials generally restricts pyroelectric har-
vesters to low-frequency operation compared to vibration harvesters.

The following section presents the capabilities of pyroelectric materials in har-
vesting energy when subjected to cyclic or linear temperature variations. A pyro-
electric material is considered to exhibit no losses with purely linear properties,
assuming a limited heat exchange on the outer surface of the pyroelectric element.

4.2 Pyroelectric energy-harvesting figures of merit

For unclamped pyroelectric materials, the expressions for charge, the voltage gen-
erated, and energy stored in a pyroelectric material can be derived as follows: the
net charge developed due to the temperature change AT is given by

O = pAAT. (15)

The pyroelectric materials are typically dielectric in nature. The equivalent
capacitance C is given by
A
C= 7 €33, (16)
h
where €;; is the permittivity in the polarization direction at constant stress. The
open-circuit voltage V and electric field £, developed across the electrodes, from
O = CV, can be expressed as follows:**

v =2 par a17)
€33
and
pAT
33

Because the total energy E stored in a capacitance is 1/2CV?, this value repre-
sents the amount of energy stored in the material at the end of the temperature
change and is calculated with Eqgs. (17) and (18):

_

E = ——Ah(AT)>. 19
3 AR(AT) 19)

A variety of figures of merit (FoMs) have been derived, such as
F=f=L (20)
Cg pCp

for high-current responsivity, where ¢ is the volume-specific heat, ¢, is the spe-
cific heat capacity, and p is the density of the pyroelectric chip. For high-voltage
responsivity, the FoM F, is given by
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F,=-L 1)

PE€33Cp

For energy-harvesting applications, two pyroelectric-based FoMs have
recently been proposed. An electrothermal coupling factor has been defined to
estimate the effectiveness of thermal harvesting:

2

P Thot

- 73
PE33Cy

where T is the maximum working temperature. This FoM has a direct influence
on the efficiency and electrical work obtained during cyclic temperature-
oscillation cycles. For many materials, the value is low (<1%); some examples
are given in Table 4.

An energy-harvesting FoM F has also been proposed:

k? (22)

2
Fp=2- (23)
€33
and has been widely used for material selection and design.

Bowen et al.*! proposed and derived an alternative pyroelectric harvesting
FoM that includes the influence of the heat capacity from Eq. (23). The relation-
ship between the input enthalpy H and the resulting temperature change AT is
H = AhcpAT; substituting this value into Eq. (23) gives a new energy-harvesting

FoM:>*

p2

Fl=——
i 833(05)2

24)

A higher value of F, implies that a larger amount of energy is converted by
the materials for a given enthalpy input. The relevant properties and calculated
FoMs are described in Table 4 for the comparison and selection of materials for
energy harvesting.

Table 4 Pyroelectric energy-harvesting FoMs for candidate materials.

PMN-0.25PT PZT PVDF | ZnO | LiTaO,

Parameter Units (SC) (ceramic) (film) (SC) (SC)
p pC/m?2 K 1790 533 33 9.4 230
€33/€0 — 961 1116 9 11 47

Ce MJ/m3K 25 25 1.8 2.3 3.2

K2 %T,=298 K 45 0.34 0.23 0.01 1.18
Fe Jim%/K?2 376.7 28.8 13.6 0.91 12.4
F m®/J 60.3 4.6 42 0.17 12.4
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Table 4 shows that the FoM Fr (as well as PZT and LiTaO;) for PMN-PT is
particularly high due to a high pyroelectric coefficient p. The F; for PMN-PT is
also high, and that material remains of interest in terms of high performance in
energy harvesting; however, the low volume-specific heat of PVDF leads to a high
F[,. PVDF-based materials are flexible, low cost, damage tolerant, easily manufac-
tured in thin and large area sections, and have a high breakdown strength. PVDF
composite systems may be of interest for achieving a high F';, value by maintaining
a high p but reducing both the permittivity and volume-specific heat. Based on
these parameters, newly designed composites can be found for a high F.

5 Hybrid Piezoelectric and Pyroelectric Energy Harvester

PEHs, in which time-dependent temperature fluctuations are converted into elec-
trical energy by the pyroelectric effect, are less widely explored. To enhance or
supplement the performance of the energy-harvesting device, it is of interest to
develop a technology to simultaneously or individually harvest both the mechani-
cal and thermal energies using an integrated device. Fortunately, there are ferro-
electric materials, such as PZT and PMN-PT that, when polarized, exhibit
piezoelectric and pyroelectric properties.”” The mechanism is presented in Fig. 14.

The pyroelectric voltage output response of a harvester was tested with
respect to temperature gradient under different frequencies of a vibration PEH.
Figure 15 shows the variation of the output voltage versus temperature for a
PMN-PT SC at frequency values of 8, 11, 30, 40, and 49 Hz. Figure 15 indicates
that the VEH showed an increase in output voltage with temperature up to 180%
of its original value under a temperature difference of 1.7°C. However, the maxi-
mum increase in voltage was obtained at a resonance frequency of 49 Hz and a
optimum resistance of 2 MQ under a base excitation of 1 g. The changes of
piezo/pyro voltage at different temperatures, required times, and percentage
increases in voltage are summarized in Table 5.

Finally, the performance of a multisource energy harvester to simultaneously
harvest thermal and mechanical energies by the use of a SC PMN-PT patch was
investigated by Alomari et al.*’ It was demonstrated by the authors that there is
an increase in output voltage with the temperature gradient, and the maximum
AC output voltage at a resonance frequency value of 49 Hz was increased from
1.045 to 2.935 V under a temperature gradient of 1.7°C.

Thermal Energy

Kinetic Energy

Figure 14 Concept and principle of a piezoelectric and pyroelectric mechanism.
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3.5
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Piezo/Pyro voltage (V)

0.5

0.0 -
8 Hz 11Hz 30Hz 40Hz 49 Hz

Figure 15 Variation of the output voltage at initial and final temperatures for a PMN-PT SC
at different frequency values.

Table 5 Piezo/pyro voltage, temperature difference, required time, and percentage increase
in voltage (%) for a PMN-PT SC at different frequency values.

Frequency Required Percentage increase
(Hz) V; (V) V (V) AT (°C) time (s) in voltage (%)

8 0.351 0.655 1.8 19.50 86

11 0.306 0.824 1.6 26.24 169

30 0.344 0.456 0.4 15.40 32

40 0.285 0.587 1 29.20 105

49 1.045 2.935 1.7 30.11 180

6 Characterization of the Piezoelectric Element and Testing of
Piezoelectric Energy Harvesters

The electrical, mechanical, and electromechanical parameters of piezoelement
characterization along with the system for testing of a PEH are described in this
section. The aforementioned parameters are utilized for modeling and simulation
of PEHs. A description of all of the state-of-the-art instrumentation, including
specifications and manufacturer, is also included to set up an energy-harvester
testing laboratory.

An automatic measurement station is designed and implemented to measure
and characterize each part of a vibration-based PEH system separately, as well
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as for the complete system as one module.** The designed measurement station
allows systematic data acquisition (DAQ) and graphically displays, in near real-
time, the characterization data. The station can be utilized for the measurement
and comparison of different systems, mechanisms, and designs. The automation
of the measurement station and control of all the peripheral equipment, such as
the measurement instruments and programmable discrete resistor selector, is
achieved using LabVIEW from National Instruments through USB and RS232
interfaces available in all instruments without the need of a signal going through
the usual DAQ. The same software (LabVIEW) performs the processing and stor-
age of acquired data including graphically displaying important parameters. This
approach makes the characterization processes effective and efficient without
operator intervention at every stage.

6.1 Electromechanically parametric characterization of the
piezoelectric element

6.1.1 Dielectric characterization

The dielectric constant is one of the most important parameters for the characteri-
zation of dielectric materials. It is basically the relative permittivity of dielectric
materials. Symbolically, it is denoted by & or €. The dielectric constant for most
materials is independent of the electric field strength below a critical field at or
above which carrier injection into the material occurs. The dielectric constant
strongly depends on the frequency of the AC electric field and on the temperature,
pressure, structure, and imperfections of the materials. The dielectric constant or
relative permittivity can be expressed as follows:

& =—, (25)
€

where € and g, are the absolute permittivity and vacuum permittivity, respec-
tively. In terms of real and imaginary values, it can be expressed as follows:

g, =¢' —ig”, (26)

where €’ is the real part of the dielectric constant, and €” is the imaginary part
called the dielectric loss.

The real part, i.e., the dielectric constant (¢’); the imaginary part, i.e., the
dielectric loss (¢”); and the AC conductivity (c,.) can be determined using

Cc,A
'=—E 27
¢ = ad’ 27)
e” = ¢'tan, (28)
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0, = €'gym, (29)

where C, is the parallel capacitance of the sample at a chosen signal frequency o,
tan O is the dielectric loss factor or dissipation factor, A4 is the electrode area of a
silver electrode, o is the angular frequency, d is the thickness of the sample, and
g0=28.854 x 107'? F/m is the permittivity of vacuum.

6.1.2 Electric poling

The total dipole moment per unit volume is called electric polarization. In fact, in
polar substances, many atoms and molecules possess a dipole moment, but the net
dipole moment becomes zero due to their random orientation canceling the effects
of each other. Thus, polarization is crucial before testing to obtain the net dipole
moment and thus better dielectric characteristics.

An example poling setup is illustrated in Fig. 16. The electroded samples are
poled at room temperature using a voltage of 4 KV with a corona poling setup.
After the poling process, the samples are short-circuited and annealed at 50°C
for 2 h to remove any extrinsic charges injected during poling.

6.1.3 Pyroelectric coefficient measurement

Pyroelectric materials possess spontaneous polarization in the absence of an
external electrical field. The variations in temperature in such a material cause
changes in the internal polarization, and a flow of charge occurs. Out of 20 non-
centrosymmetric crystals, 10 are pyroelectric and have a unique polar axis. The
pyroelectric effect may arise from two contributions: crystal deformation and

Figure 16 A Corona poling setup.
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change in temperature. The pyroelectric effect caused by change in temperature,
also known as the primary effect, produces a electric displacement in the crystal
under constant strain. The secondary pyroelectric effect is caused by crystal defor-
mation due to thermal expansion from the temperature change.*

To record the dynamic relative pyroelectric current /,, the direct method is uti-
lized. The pyroelectric current /, can be measured at various temperatures at
a constant heating rate, and the relative pyroelectric coefficient p is calculated

using
I, dT
=(L/)— 30

where d7/dt is the rate of change of the temperature, which was kept constant
throughout the measurement. The change in the pyroelectric coefficient indicates
the change in dipole orientation inside the material; the higher the coefficient is,
the better the material is for converting temperature change to electrical charge.

6.2 Measurement techniques for the characterization of a
piezoelectric energy harvester

When studying the piezoelectric, pyroelectric, ferroelectric, and dielectric proper-
ties of materials, knowledge of some electrical parameters, such as impedance, is
needed. Impedance is the basic electrical parameter that is used to characterize
electronic circuits, components, and materials. It is defined as the ratio of the volt-
age applied to the device and the resulting current through it. In other words,
impedance is the total opposition that a circuit offers to the flow of an AC at a
given frequency and is generally represented as a complex quantity that can be
shown graphically. The basic elements that make up electrical impedances are
inductance, capacitance, and resistance: L, C, and R, respectively. A complex cir-
cuit consists of inductance, capacitance, and resistance rather than single compo-
nents. In the real world, electronic components are not pure resistors, inductors,
or capacitors, but a combination of all three. Some of the most important param-
eters are described in the following sections.

6.3 Parameter identification and piezoelectric coefficients

6.3.1 Mechanical model and equivalent electrical circuit
A mechanically vibrating diagram represents a PEH in an excitation state, which
can be presented as a mass-spring-damper system or a single degree of freedom,
as illustrated in Fig. 17.'

The equation of motion of the previous model can be described using
Newton’s second law as follows:
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T
L

Figure 17 Single-degree-of-freedom mechanical model.

f:=fu+Srt+Sfk (31)

where f. is the external force, f, is the inertial force, f is the frictional force, and
fr is the elastic force. Equation (31) can be written using its differential form as
follows:

d’x dx

1 d e
fi=M“Z+R +—x:M—V+Rv+—/ vd-. (32)
dt a 'k dt k J,

Assuming that the external force is a sinusoidal excitation force ( /. =/ sin w?),
Eq. (32) can be rewritten as follows:

_ ‘ 1
fz =fze"*’t:l(oMV—|—RV—|—EV (33)

The complex mechanical impedance of the transducer thus equals

f 1 1 .
Z mech :é =ioM +R+—=R+i(|Mo——| = Z,.ce®. (34)
% iok ok

The impedance module equals

1 2
Z ech = \/R2 + (M(o - —) = VR? + X2, (35)

ok

¢ = tan~! ()é) (36)

A typical equivalent series electrical circuit for Eq. (36) can be modeled at
resonance, as shown in Fig. 18.
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R L C
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Figure 18 Equivalent series electrical circuit model.

The impedance of the equivalent circuit in Fig. 18 can be described as follows:

1 1
Zy=I0L+R+—=R+i(oL-——]). 37
m = oL + +imC +z<co (oC) (37)

The governing differential equation can be found by substituting into
Kirchhoff’s voltage law the constitutive equation for each of the three elements
in Fig. 18 as follows:

VR + VL —|— VC - V(t), (38)

where Vi, V, and V¢ are the voltages across R, L, and C, respectively, and V(?) is
the time-varying voltage from the source. Substituting into the constitutive equa-
tions, we obtain Eq. (39):

Ri(1) +Ld;(;) + é /_ ; i(x)d = V(1). (39)

According to Eq. (39), an electric charge is proportional to the deformation as
follows:

f.= ka (40)
and
q = kyx. (41)

The electrical current is defined as follows:

. dg dx
ZIE: pE:ka. (42)
From Eq. (43), it is shown that
i
=—. 43
v K (43)

After substituting Egs. (42) and (43) into Eq. (33), the result can be written as
follows:
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Mdi R 1 t
=4t —it— | i(t)dr. 44
k,V kpdt+kpl+Kkp /_ooz('r)dr (44)
Then,
Mdi R 1 t
V=s—+—i+— (t)d~. 45
kl%dt+kf,l+ka,/_ool(T)T (45)

By comparing Eq. (39) with Eq. (41), one can see that

M R

L=—. R=—
22 22
kp kp

C = K. (46)

6.3.2 Linear piezoelectric model

The electrical circuit representing an oscillating piezoelectric element of Eq. (39)
is shown in Fig. 18. Figure 19 demonstrates two additional electrical components,
C. and R,, which represent the electrical capacitance and resistance of the piezo-
electric element, respectively. An object of mass vibrating with a certain range
of frequencies exhibits high peak values called the resonant frequency f.. This
resonant frequency is followed by an antiresonant frequency ( f;), where the
impedance of the body is at a maximum and the oscillation amplitude is at a mini-
mum. A typical resonance plot of impedance versus frequency for a piezoelectric
ceramic near resonance is shown in Fig. 20. Notice the resonant frequency f, at
the point of minimum impedance and the antiresonant frequency f, at the point
of maximum impedance.

6.3.3 Electromechanical coupling coefficients
The electromechanical coupling coefficient numerically measures the conversion
efficiency between the electrical and acoustic energies in piezoelectric materials.

ZPT Re Ce _— L ZPT Z(, Zm

(a) (b)

Figure 19 Linear piezoelectric transducer Zgr, electrical impedance of the transmitter: (a) a
detailed diagram and (b) the distribution of the branches of electrical and mechanical.
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Impedance, Z

f—7

Frequency, f —»

Figure 20 Impedance of a piezoelectric ceramic at resonance f, at the point of minimum
impedance and the antiresonant frequency f, at the point of maximum impedance.

Some of the most often used electromechanical coupling coefficients are k,, £,
and k3. Subscripts p, 31, and 33 represent planar, length extensional, and thick-
ness extensional modes, respectively. The coefficients k3; and k3, are calculated
from the frequencies of minimum f; and maximum impedances f,, as shown previ-
ously in Fig. 20, and are given by the following equation:”*

b g

kK =— 47
Ty 47)
where
T fa _fr (fa _fr)
¥Y=—|(1 t
2( T )an{ o, )
T x(.f;f_‘fr) (48)
k2, = 2 tan 4
33 1 + (fafjf)) 1 + (faf:fr)

and the planar coupling coefficient is given as follows:

fa=f?
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6.3.4 Elastic compliance

The strain produced in a piezoelectric material per unit stress applied is called the
elastic compliance. For example, an elastic compliance S, represents stress due
to a constant electric field in the direction perpendicular to the polarization direc-
tion of the ceramic element (in direction 1) with strain in direction 1. S%; denotes
that electric compliance is produced by stress in the direction parallel to which the
ceramic element is polarized (in direction 3) with strain in direction 3 under the
application of a constant electric field (open circuit).”* An equation® for finding
the elastic constant of a piezoelectric element can be expressed as follows:

S5y = ﬁ (50)
$53 = 1%} (51)
st = W (52)
st =shi(1=43)), (53)

where p is the density of the material in kg/m?, [ is the distance between electro-
des, and w is the width of the ceramic. The superscripts D and E stand for con-
stant electric displacement (open circuit) and constant electric field (short
circuit), respectively.

6.3.5 Piezoelectric charge constants

The mechanical strain S experienced by piezoelectric materials per unit of electric
field is defined as the piezoelectric charge constant. The mathematical relations
for calculating piezoelectric charge constants are as follows:

d31 = k31\/€oK3sT), (54)
d33 = k3z\/€0K3s5s, (55)

where K7 is the free-relative dielectric constant, and g is the permittivity of free
space.

6.3.6 Piezoelectric voltage constant
The piezoelectric voltage constant is defined as the mechanical strain experienced
by a piezoelectric material per unit electric displacement. In other words, the
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electric field is generated by a piezoelectric material per unit of mechanical stress
applied. The g; piezoelectric constants are related to the dj; coefficients by the fol-
lowing equations:**

d
g3 = o, (56)
ds;
=2 57
g33 ek (57)

6.3.7 Mechanical quality factor
The mechanical quality factor Oy, is defined as the ratio of reactance to resistance
in the series equivalent circuit of Fig. 19(b) and is given by*

1 Vi
O =5u.2,0, Qﬁ —f%)' 9

It is important that more accurate new experimental and instrumental methods
are being constantly developed with improvements in the old ones. A detailed
description of the experimental equipment employed in these methods is not pos-
sible. An effort has been made to give a brief introduction to the physical ideas
and concepts of experimental methods together with the instruments.

6.3.8 Dielectric constants and dielectric spectrum measurements at a
low frequency

The dielectric constant and dielectric loss are important practical parameters for
most applications of ferroelectric materials. In ferroelectric materials, the study of
the dielectric properties provides a great deal of information for understanding
the molecular structure and the mechanisms of electric polarization. The most
extensively used method to measure €’ (C,) and tan 9 is the electric bridge method.
For this purpose, several bridges with different circuits can be utilized with their
frequencies covering a range from 0.01 Hz to 150 MHz. Commercially, more than
10 different models of digital vector impedance analyzers are available. A typical
setup for the measurement of dielectric constants and the pyroelectric coefficient
is shown in Fig. 21."** Those shown can measure more than 10 electrical param-
eters very efficiently and are usually easy to use.

6.3.9 Polarization (hysteresis loop) measurements

Generally, a linear capacitance is placed in series with the device under test
(DUT) for polarization measurement and an AC or DC voltage is applied. The
polarization of the sample is equivalent to the voltage measured across the capaci-
tor. For measuring a spontaneous polarization of the order of 5 to 50 pCem™ in
bulk samples, a voltage >1000 V is required. In the presence of an applied field,

this circuit is used to measure a ferroelectric hysteresis loop, that is, the material’s
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PC running
LabVIEW 6i

QuadTech 1920 -or- Keithley 6517 HP 34970A
LCR Meter Electrometer DMM
- Barnant Indicator
‘emperature
Control
- —
Controller < Thermally Insulated
L —1 = Container
Brass
< — Positive
f ~ Negative
Glass wool
3:0:'1.‘:01 = Brass
C I - Aluminum

Figure 21 A typical setup for the measurement of dielectric constants and a pyroelectric
current.

switchability (Fig. 22). By measuring the polarization of the material in pCem™

as a function of the applied voltage V, the hysteresis loop is determined.
Different points of the hysteresis loop of interest include the spontaneous polari-
zation P, and remnant polarization P,, the coercive field £, and the general shape
of the loop (Fig. 23).

The condition in which polarization will not increase with applied voltage is
the saturation state of the material, and all the dipole moments are unidirectional.

Computer Ground High voltage
test fixture

High voltage amplifier

< Copper bar

Bulk sample

Precision LC

Copper plate

Figure 22 Block diagram of a commercial sawyer-tower setup.
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+P (MC/cm?)
+P,
+P,
-E +E (V)
-E,
-P,
-P,
-P

Figure 23 Ferroelectric hysteresis loop (polarization vs. applied voltage).

The spontaneous polarization +P, is represented by linear extrapolation
of the curve back to the polarization axis. Some dipole moments will remain
aligned, and a remnant polarization P, is observed as the applied voltage
is reduced from its maximum positive value to zero. As the applied voltage spans
the range from its maximum positive to negative, —P, and —P, will be observed.

Further information provided by the ferroelectric hysteresis loop includes the
coercive field £, and the shape of the loop. The E, represents the magnitude of
the external field applied voltage necessary to remove all polarization from the
material. The E, and the shape of the loop (or sharpness) are influenced by grain
size and homogeneity, and they depend upon sample preparation.

6.3.10 Determination of piezoelectric coefficients

An experimental technique employed to measure the piezoelectric (ds3, ds;,
and k33) and mechanical properties (s%; and 55}) is described in detail." The prin-
ciples of each measurement method and its application to test the DUT are intro-
duced and discussed in the following sections.

To evaluate the d5; and d5, coefficients of the piezoelectrics, a “take-control”
piezometer is used. The system uses the direct piezoelectric effect, that is, a
charge generation with an applied load, to measure the piezoelectric coefficients.
Berlincourt developed this technique for the first time (hence why it is named
after him). The system setup is shown in Fig. 24.

The piezometer consists of a digital display unit, which displays the measure-
ments, and upper and lower loading arms, which apply the load and measure the
charge generated from the sample. The upper loading arm can be moved verti-
cally on the screw-threaded pillars by rotation of the loading arm handle. The
lower loading arm is spring-loaded and vibrates in the vertical plane at a fre-
quency of 97 Hz, applying a sinusoidal force of ~0.1 N to the sample through
mechanical contact. This oscillatory force is in addition to the static preload that
is applied by rotation of the upper-loading-arm handle. Various studs can be
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Sample Location ' '- pper Loading Arm Handle
\ ']

I

: g"

Digital Display

Figure 24 The take-control piezometer system (setup shown for measuring dss).

screwed into the upper and lower loading arms in the “sample location” section
of Fig. 24, which depends on the sample size and the measurement being made
(ds; or ds1). An expanded and labeled view of this location setup for measuring
ds; and ds; is shown in Figs. 25(a) and 25(b), respectively.

For evaluation of ds;, conducting metal studs are screwed into the upper and
lower loading arms, and the sample is positioned between the two studs with the
three-direction in the vertical plane, as shown in Fig. 25(a). The upper-loading
arm-handle is turned to bring the studs into mechanical and electrical contact with

Upper Loading Arm T —— C

Lower Loading Ar

(a) (b)

Figure 25 The piezometer “sample test location” showing measurement of (a) ds; and
(b) d3; for a 1-to-3 composite.
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the sample’s electroded end faces. The handle is then rotated one full turn to
apply a 10-N preload to the sample by depression of the spring-loaded lower
loading arm. In this case, the force is applied parallel to the poling direction,
and the charge generated by the sample is collected through the studs and is used
to calculate ds;. In this case, dy; is measured as the charge produced per unit
applied force (C N71).

To evaluate dy, the metallic studs are replaced with non-conducting polymer-
tipped studs. The sample is positioned between the studs with the three-direction
in the horizontal plane and the upper-loading-arm handle is turned so that the
studs make mechanical contact in the one-direction. The handle is turned one full
turn to apply a 10-N preload to the sample through the spring loaded lower load-
ing arm. In this case, the force is applied normal to the poling direction. The
charge generated on the electroded ends of the sample is collected by a special
ds; attachment that is attached in a position on the upper loading arm. This test
setup is shown in Fig. 25(b).

6.3.11 Impedance analysis for the measurement of s5;, s2,, and k3;

The impedance analysis technique is used to determine the 55, 554, and k33 of the
composites.' A body will exhibit several modes of vibration. Piezoelectric materi-
als are unique in that mechanical resonance can be induced by applying an AC
voltage across the sample. When the electrical drive frequency coincides with a
mechanical resonance of the sample, an impedance minimum occurs (Fig. 26).
Conversely, when the electrical drive frequency coincides with a mechanical anti-
resonance of the sample, an impedance maximum occurs. The frequency of the
resonance and antiresonance modes is governed by the sample dimensions, den-
sity, and various piezoelectric, dielectric, and mechanical coefficients. Therefore,

Figure 26 Test setup for impedance spectroscopy of 1-to-3-geometry composites. The
impedance vs. frequency curve generated on the display is typical of a high-volume, fraction
composite response.
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with knowledge of the impedance response of a sample, it is possible to calculate
various piezoelectric and mechanical coefficients. Equations appropriate for the
longitudinal-length mode are given in Eqgs. (45) and (49) in which / and p are
the sample length and density, and f. and f; are the resonance and antiresonance
frequencies, respectively:

s = % (59)
4pf sl
3 553 (60)

S33 = 5
33 2

k33 = E;—rcot(gj:—r)] 1/2. (61)

To evaluate the 553, 5%;, and k33 coefficients of the composites, the impedance
of the sample can be measured using an Agilent 4194A impedance analyzer. The
experimental setup, which shows a typical impedance spectrum being generated
on the analyzer display, is shown in Fig. 26. An expanded view of the sample test
location is also shown.

Two thin copper wires were attached to the low and high electrodes to allow
connection to the sample. Because this test setup is not a standard fixture, com-
pensation is performed for both open- and short-circuit conditions in accordance
with the procedure in the Agilent 4194A instruction manual. Open-circuit condi-
tions were enforced by ensuring that no sample is loaded between the copper
wires, while short-circuit conditions are enforced by loading a copper sample,
with similar dimensions to the composites, into position between the wires.
Once fixture compensation had been performed, samples were positioned between
the copper wires in preparation for testing. Care was taken not to allow the wires
to clamp the samples too strongly because this would force deviation from the
“mechanically free” boundary conditions required by the test method. Once
loaded, the impedance is measured over the frequency range of 150 to 500 kHz
with an excitation voltage of 500 mV. The maximum and minimum impedance
values, and the corresponding frequencies at which they occurred, are recorded.
These values are used in Eq. (4.61) to calculate the relevant material properties.

6.3.12 Pyroelectric coefficient measurements
The determination of the pyroelectric coefficients is divided into two parts: the
measurement of the pyroelectric current and the measurement of the charge
generated.

The pyroelectric effect can be sub-divided into primary and secondary effects.
The primary effect is observed when the sample is rigidly clamped under a
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constant strain to prevent any thermal expansion or contraction. Secondary effects
occur when the sample is permitted to deform, that is, the material is under con-
stant stress. Thermal expansion results in strain that changes the spontaneous
polarization attributable to the piezoelectric effect. Thus, the secondary pyroelec-
tric effect includes contributions caused by piezoelectricity. Exclusive measure-
ments of the pyroelectric coefficient under constant strain is experimentally very
difficult. What is experimentally measured is the total pyroelectric effect exhibited
by the material: the sum of the primary and secondary effects.

The pyroelectric current /, was measured at various temperatures at a constant
heating rate, and the relative pyroelectric coefficient p was calculated using the

following relationship:
I, dT
p < Y, / 7 > (62)
where d7/dt is the rate of change of temperature, which was kept constant
throughout the measurement. The change in pyroelectric coefficient indicates
the change in dipole orientation inside the material; the higher the coefficient
is, the better the material is for converting temperature change into electrical
charge. The details of the measurements are described in other publications.*’
The pyroelectric charge integration method, also known as the static method,
determines the charge, that is, polarization, of the sample as a function of the tem-
peratures. The technique works very well at discrete temperatures. The static
method was “glass,” with an integration method that allowed for larger changes

in temperature.*> For a temperature change in pyroelectric, charges on the electro-
des of the sample are

dP,
AQ::A(dT>AT. (63)

Therefore, the total change in charge as the temperature changes from 71 to

T2 is as follows:
72 /dP
/AQ:A/ T VAT = 4[AP)22. (64)
1 \dT

By using an operational amplifier with a feedback capacity C, the output volt-
age Vsc of this amplifier is found to be directly proportional to the integral of the
input current, that is,

Ve —(1/C) / Isdt = —(4/C)[AP]P2. 65)

The pyroelectric current is obtained from the slope of the curve Vsc(7).
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6.4 Parametric identification and determination for a piezoelectric
energy harvester

The most common PEH is the cantilever structure. The dynamic model of
the harvester depends on several parameters, such as the physical dimensions
and the mechanical and electrical properties of the material. In many cases, not
all of the information about these parameters are available, which causes diffi-
culties in developing a theoretical model for analysis and simulation. Model
parameters for cantilever mechanical structures are identified experimentally to
reduce the required modeling efforts. The PEH testing system is described in
Fig. 28 with all of the instruments.** The performance of an energy-harvesting
device is often characterized by the measurement of its electrical output under
a specified set of conditions, for example, specification of input acceleration
amplitude (base amplitude) and measurement of electric output into a known
resistive load.

However, even with a relatively simple setup, the performance characteristics
depend in a complex way on base acceleration amplitude, load resistance, and the
design of the energy harvester. The harvested power for a vibrating cantilever/tip
mass depends upon both the frequency and the amplitude of vibration. Such per-
formance measurements can be used to map out the characteristics of the system
and compare them to models to implement optimization strategies to maximize
performance. However, they do not provide direct information on the energy
transfer and losses within the system. An important parameter in this respect is
efficiency, which is defined as the ratio of energy or power OUT to energy to
power IN to the energy harvester. Piezoelectric harvester efficiency can, in theory,
approach 100%. A small harvester attached to a large inertial vibration source
does not significantly load the vibrating system, and energy drawn from the sys-
tem is small. However, the overall system performance can be boosted by improv-
ing the efficiency, particularly when other design constraints, such as the vibrating
volume, are considered. Piezoelectric vibration harvesters generate charge from
strain in a piezoelectric material created by the inertia of a suspended mass under-
going acceleration. This is commonly achieved using a piezoelectric cantilever, as
shown in Fig. 22. A bimorph construction employs a symmetrical arrangement of
the piezoelectric material around the neutral axis, creating strain.

6.4.1 Natural frequency identification

The resonance (natural) frequency of the cantilever harvester can be detected by
tracking the maximum power or the maximum open-circuit voltage.' At this fre-
quency, the harvester produces the maximum power output. The following pro-
cedure can be used to experimentally detect the natural frequency by maximum
power tracking: the output voltage from the harvester is connected to an electrical
resistance load R; the system is excited at the retained frequency ® with a fixed
vibration amplitude; measure the output voltage J on the resistive load and
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compute the power output to the load as V?/R. This step is repeated at different
frequencies. By drawing the relationship between the power outputs versus the
excitation frequency, the maximum power indicates the natural frequency.

6.4.2 Damping factor identification

The damping factor n can be identified by observing the harvester impulse
response. The magnitude of the oscillations is measured at two separate points
(x1, x2), n periods apart, as illustrated in Fig. 27.

The damping ratio can then be calculated as a function of the natural fre-
quency of the natural log decrement of the two magnitudes and the number of
damped periods 7, as shown in Eq. (66). For accurate determination of the damp-
ing coefficient, the calculation can be repeated with different damping periods n
and then take the average value:

n=-—In—. (66)

6.4.3 Quality factor identification

The harvesting cantilever must be selected with a high O-factor to increase the
output power. A higher QO-factor indicates a lower rate of energy loss relative to
the stored energy. However, a high O-factor also means a narrow operational
frequency bandwidth. The harvester will only produce significant power while
working under an excitation frequency that closely matches its resonant
frequency. The total quality factor O can be computed as the ratio between the
resonance frequency f, and the frequency bandwidth f,, as follows:

S
O=-", (67)
fbw
X
L
X1
Y‘th'l ! \\\/'\ t
9 l ___,_&.7“1___-
//
/
/

Figure 27 Damped oscillation using an impulse force input.
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where the frequency bandwidth is the width of the range of frequencies for which
the energy is at least half its peak value. The quality factor is inversely propor-
tional to the damping factor, which is given by

1
_E,

It is evident that if the quality factor is known, the damping factor can also be
calculated by the above equation.

n (68)

6.4.4 Efficiency of energy conversion
The efficiency of energy conversion 1 is described at resonance as

T
"o+ /R0 -

(69)
where £ is the electromechanical coupling factor, and Q is the quality factor.

6.5 Architecture of a piezoelectric energy-harvesting station

The test station was set up as shown in Fig. 28.%> The experimental setup consists
of a small mechanical shaker (Bruel and Kjaer Model Type 4810) and a function
generator (Agilent/Keysight 33500B) to produce a range of vibration frequencies
and a high-power amplifier (Bruel and Kjaer Model 2718) to create the cyclic
force of the required magnitude and frequency. Accelerometer sensors were
employed to measure the vibration acceleration (the sensitivity of the accelerome-
ter sensor is 100 mV/g). A multimeter (Keithley Model 2110) was used to mea-
sure the output voltage from the harvester, and a laser displacement meter (MTI
Model Microtrack II) was used to measure the displacement of the cantilever
beam. An IET PRS-2000 programmable resistance substituter (PRS) was used to
add an electrical load to the harvester circuit. The DAQ of the acceleration sen-
sors was achieved with a picoscope (Pico-Technology Model 4224). To avoid
any interference from the noise in the surrounding environment, all of the experi-
ments were performed on an isolated optical bench. When the piezoelectric har-
vester was subjected to vibrations by the experimental setup, it produced an AC
electrical output, and the output signal from the harvester was connected to a pro-
grammable resistance selector or an AC-DC circuit with a capacitive load.
LabVIEW software (National Instruments Inc.) is installed on the computer to
act as the controlling center for the system, and it is used to set the exciting fre-
quency to the arbitrary waveform generator (AWGQG), to assign the reading type
of the multimeter, and to record the data through a USB interface. One end of
the cantilever beam is fixed in a fixture attached to the shaker. A small mass
can be attached on the other end of the cantilever beam to tailor the resonant
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MTI Microtrack Il Laser Displacement Meter

Agilent 335001
Arbitrary Waveform|
Generator

Acceleration Sensor

1
Clamped Side 1 PVDF

Proof Mass

Bruel & Kjaer 2718
Power Amplifier

| =

Pico-technology 4224
Picoscope

Shaker Bruel & IET PRS 2000 Programmabl
Kjaer 4810 Resistance Substitutor

Acceleration
Sensor Voltage

R5232

Keithley 2011 Digital Multimeter

Output Voltage from
Energy Harvester

Figure 28 A configuration of the test station for a vibration-based energy harvester.

frequency of the harvester. A pair of wires is used to conduct the produced current
through the programmable resistive load.

6.5.1 Instrument specifications and manufacturers

Table 6 lists the complete description of all instruments utilized in the station.
When the piezoelectric harvester is subjected to vibrations by the experimental
setup, it produces an AC electrical output, and the output signal from the har-
vester is connected to a programmable resistance selector or an AC-DC circuit
with a capacitive load. Figure 29 shows the sample holders for discrete parameter
determinations.

6.6 Procedure for output voltage versus frequency measurements

The test station setup is shown in Fig. 30.%> After turning on all of the measure-
ment instruments and setting up the amplitude of excitation by controlling the
power amplifier, the LabVIEW software is initiated. The block diagram of the
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1. Oscilloscope; 2. Wave-form Generator; 3.
Multimeter; 4. Programmable Resistor 5. Power
Amplifier; 6. Vibrometer; 7. Laser Displacement
Meter; 8. Piezoelectric Cantilever; 9. Shaker

Figure 29 Photographs of sample holders.

Figure 30 A photograph of the experiment test setup showing all necessary components:
(1) oscilloscope, (2) waveform generator, (3) multimeter, (4) programmable resistor,
(5) power amplifier, (6) vibrometer, (7) laser displacement meter, (8) piezoelectric cantilever,
and (9) shaker.

PEH program and the designed front LabVIEW panel screen are illustrated in
Fig. 31. Then the following programming order of operations are followed, as
described below, to record the vibrating frequency of the cantilever, output AC
voltage, and respective resistance.
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Figure 31 A screenshot of the control panel of the LabVIEW program.

The program order of execution is as follows. The first step is to enter the
sample information into the control string boxes that will be recorded in the
header of the data file. The next step is to select the resistances, frequencies,
and other parameters for the system which will also be recorded in the data file.
The starting, ending, and resistance steps are selected. The starting, ending, and
frequency steps are selected. The AC or DC voltage measurement is selected. A
wait time between the measurements is selected. The next step is to run the pro-
gram, which can be initiated by selecting the arrow icon or simultaneously
depressing <Ctrl> <R>. The program will ask to find the “test001.txt” file,
which is located on the desktop. As the program is executed, the Agilent
33500B AWG, the IET PRS-2000 PRS, and Keithley 2011 digital multimeter
(DMM) are initialized. Next, a series of nested do loops are executed. In the
level-1 do loop, a resistance value is sent to the PRS. The value is iterated until
the maximum value is encountered, then a “false” Boolean is generated, and the
do loop stops. In the level-2 do loop, a frequency value is sent to the AWG.
The value is iterated until the maximum value is encountered, then a “false”
Boolean is generated, and the do loop stops. In the level-3 do loop, the voltage
is measured from the DMM. Data are updated and recorded. The resistance, fre-
quency, and voltage are written to the data file. Data are updated on the front
panel. The resistance is displayed on the digital read out; the frequency is
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displayed on the digital read out and meter; and the voltage is displayed on the
digital read out. Frequency versus voltage is plotted on an XY graph. The voltage
measurement continues until a timeout is encountered, then a “false” Boolean is
generated, the do loop stops, and the program jumps to the level-1 do loop.
When a “blank” character string is encountered, the outer loop stops, the AWG
output is turned off, and the PRS is programmed to 0 Q. The program ends, and
then the user should locate the file “test001.txt” and rename it.

6.7 Procedure for obtaining output voltage versus resistance
measurements

The test station is set up, as shown in Fig. 28. After turning on all measurement
instruments and setting up the amplitude of excitation manually using the control
on the power amplifier, the LabVIEW software is initiated. The designed front
LabVIEW panel screen is illustrated in Fig. 32. LabVIEW is used to perform a
series of predetermined sweeps; each sweep is performed with a preselected resis-
tive load using a programmable resistance selector to PEH. Then the following pro-
gramming order of operations are followed, as described below, to record the
vibrating frequency of the cantilever, output AC voltage, and respective resistance.
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Figure 32 A screenshot of the control panel of the LabVIEW program.
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There are some slight differences with this program, but again the first step is
to enter the sample information into the control string boxes that will be recorded
in the header of the data file. The next step is to select the resistances, frequencies,
and other parameters for the system which will also be recorded in the data file.
The starting, ending, and resistance steps are selected. Here is where the
differences begin. Ensure that the starting frequency (minimum) and ending fre-
quency (maximum) have the same value such that the system only collects data
at one frequency. AC or DC voltage measurement is selected. A wait time
between the measurements is selected. The next step is to run the program, which
can be initiated by selecting the arrow icon or pressing <Ctrl> and <R> simulta-
neously. The program will ask to find the “test001.txt” file, which is located on
the desktop. As the program is executed, the AWG, the PRS, and DMM are ini-
tialized. Next, a series of nested do loops are executed. In the level-1 do loop, a
resistance value is sent to the PRS. The value is iterated until the maximum value
is encountered, then a “false” Boolean is generated, and the do loop stops. In the
level-2 do loop, a frequency value is sent to the AWG, then a “false” Boolean is
generated and the do loop stops. In the level-3 do loop, voltage is measured from
the DMM. Data are updated and recorded. The resistance, frequency, and voltage
are written to the data file. Data are updated on the front panel. The resistance is
displayed on the digital read out; the frequency is displayed on the digital read out
and meter; and the voltage is displayed on the digital read out. Resistance versus
voltage is plotted on an XY graph. The voltage measurement continues until a
timeout is encountered, then a “false” Boolean is generated, the do loop stops,
and the program jumps to the level-1 do loop. When a “blank™ character string
is encountered, the outer loop stops, the AWG output is turned off, and the PRS
is programmed to 0 Q. The program ends, and the user should locate the file
“test001.txt” and rename it.

—— R=10kQ
R=12kQ
R=15 kQ
R=20 kQ
R=25 kQ
R= 30 kQ
R= 35 kQ
R=40 kQ
R=45 kQ

Voltage (V)
©

20 30 40
Frequency (Hz)

Figure 33 Output voltage vs. frequency at different values of load resistance.
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6.8 Example of measurement results

From the acquired data, the following graphs were plotted for a cantilever PEH.
Figure 33 shows the measured output voltages of the PEH as a function of fre-
quency and with various electrical loads, ranging from 10 to 45 kQ. Figure 33
shows that the maximum output voltage (occurring at resonance) increases
slightly with the increase in resistive load value. Figure 34 shows the variation
of the calculated power as a function of frequency, and these results agree with
the available literature.

Power (mW)
W

10 20 30 40
Frequency (Hz)

Figure 34 Output power vs. frequency at different values of load resistance, and an
enlarged view around the first vibration mode.
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Figure 35 Output voltage and output power vs. load resistance.
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Figure 35 shows the voltage measured across the load resistor and the power
dissipated by it at the resonance frequency, which were extracted from Fig. 33 at
the peak of the curve. A maximum output power of around 6 mW was generated
into a resistive load of 0.25 MQ at the operating frequency of 21 Hz.
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