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In an effort to eliminate the replacement of the batteries of electronic devices that are difficult or
impractical to service once deployed, harvesting energy from mechanical vibrations or impacts
using piezoelectric materials has been researched over the last several decades. However, a
majority of these applications have very low input frequencies. This presents a challenge for the
researchers to optimize the energy output of piezoelectric energy harvesters, due to the relatively
high elastic moduli of piezoelectric materials used to date. This paper reviews the current state of
research on piezoelectric energy harvesting devices for low frequency (0-100 Hz) applications and
the methods that have been developed to improve the power outputs of the piezoelectric energy
harvesters. Various key aspects that contribute to the overall performance of a piezoelectric energy
harvester are discussed, including geometries of the piezoelectric element, types of piezoelectric
material used, techniques employed to match the resonance frequency of the piezoelectric element
to input frequency of the host structure, and electronic circuits specifically designed for energy
harvesters. © 2014 Author(s). All article content, except where otherwise noted, is licensed under a

Creative Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4900845]
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I. INTRODUCTION OF ENERGY HARVESTING AND
LOW FREQUENCY APPLICATIONS

The continuous improvement of semiconductor manu-
facturing technologies has led to tremendous technological
advancements in small electronic devices, such as portable
electronics, sensors, and transmitters in the last three deca-
des. Functionality has been largely broadened and energy
efficiency has been greatly enhanced, all while reducing size
by orders of magnitude. In addition, as the energy density of
batteries continues to improve, many of these devices are
able to operate for long periods of time solely on battery
power. In some applications, such as sensors deployed in
remote locations or inside the human body, however,
replacement of the battery at the end of its service life can be
challenging or even unpractical. Therefore, the need of har-
vesting ambient energy to power the electronic devices in
these situations arises. Examples of ambient energy sources

© Author(s) 2014
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include wind, solar, mechanical vibration, and movement of
the human body. For small electronic devices, the level of
power consumption usually lies in mW or uW range and the
size of the powering unit needs to be small in order to
accompany the host device. In addition, most of these appli-
cations require the device to be able to operate both indoors
and outdoors, without heavy dependence on weather condi-
tions. In this regard, mechanical vibration and human body
motion become attractive energy source options for small
electronic devices.

There are various methods to convert mechanical energy
from vibrating or moving objects into electrical energy
needed by electronic devices, including electromagnetic
induction, electrostatic induction, and the piezoelectric
effect. Compared with electromagnetic and electrostatic
methods, energy harvesting with piezoelectric materials pro-
vides higher energy density and higher flexibility of being
integrated into a system, and thus has been the most widely
studied.?

Piezoelectric materials possess crystalline structures in
which the centers of positive and negative charges do not
overlap, yielding dipole moments. When subjected to me-
chanical vibrations or motion, mechanical strain is applied to
these materials and leads to distortion of the dipoles, creating
electrical charge. The electrical energy can be harvested by
storing it in rechargeable batteries or capacitors.

Piezoelectric materials are divided into four categories
based on their structure characteristics: ceramics, single crys-
tals, polymers, and composites (the composite material is a
combination of piezoelectric ceramics or single crystals with
polymers). Most piezoelectric ceramics and single crystals
used to date for energy harvesting are a subgroup of piezo-
electrics called “ferroelectrics.” The typical examples are
PZT (lead zirconate titanate) and PMN-PT (the solid solution
of lead magnesium niobate and lead titanate). Below a criti-
cal temperature called the Curie temperature, these materials
possess spontaneous dipoles, which bestows excellent piezo-
electric properties. Thus, ferroelectric single crystals,
ceramics, and composites have much better piezoelectric
properties than polymers. Piezoelectric polymers, however,
have the ability to sustain much higher strain due to their
intrinsic flexibility, making them better suited for applica-
tions where the device will be subjected to large amount of
bending or conforming to a curved mounting surface (e.g.,
wearable devices).

Efficiency and power density of a piezoelectric vibra-
tional energy harvesting device are strongly frequency de-
pendent because the piezoelectric generates maximum
power at its resonance frequency. Therefore, the fundamen-
tal frequency of the host determines the size of the piezoelec-
tric element of a piezoelectric energy harvesting unit.
Roundy® identified that the low frequency fundamental
mode should be targeted in the design of the energy harvest-
ing device, as opposed to the higher frequency because the
potential output power is proportional to 1/w, where w is the
frequency of the fundamental vibration mode. The frequen-
cies of some of the typical vibration sources are listed in
Table 1. Most machinery equipment has a frequency of
100 Hz or higher, whereas human or animal motion exhibits

Appl. Phys. Rev. 1, 041301 (2014)

TABLE I. Frequency and acceleration of various vibration sources.**

Frequency Acceleration amplitude

Vibration source (Hz) (m/s?)

Car instrument panel 13 3

Casing of kitchen blender 121 6.4

Clothe dryer 121 3.5

HVAC vents in office building 60 0.2-1.5

Car engine compartment 200 12
Refrigerator 240 0.1

Human walking 2-3 2-3

a much lower frequency, typically within the 1-30 Hz range.
Piezoelectric ceramics are metal oxides, resulting in much
higher fundamental frequencies when compared to compo-
sites and polymers of the same size and geometry, with the
same vibration mode. Within the reasonable size range
allowed by small electronic devices, if monolithic piezoelec-
tric ceramics are used as the energy harvesting element, the
lowest resonance frequency mode is in the kilohertz range or
higher, significantly beyond the frequency range of vibration
sources as shown in Table I. Therefore, to achieve a lower
resonance frequency in a relatively small package size, vari-
ous techniques have been employed, including the choice of
piezoelectric material used, configuration and design of the
energy harvesting element, and conditioning of the energy
harvesting circuitry. For applications with higher vibration
frequencies (100 Hz or higher), the choice of the piezoelec-
tric material is relatively simple. Piezoelectric ceramics are
usually selected for these applications because the elements
fabricated possess higher resonance frequencies to match the
application, and their piezoelectric properties are superior to
composites and polymers. However, the lower the frequency
of the vibration host, the more complex it becomes to design
the energy harvesting unit, as the dimension and weight con-
straints limit the use of the ceramics to achieve the desired
fundamental frequency. Thus, for these situations, piezoelec-
tric composites and polymers can often be the material can-
didates. Frequency tuning techniques are also utilized, unless
the application involves large direct mechanical impact on
the piezoelectric elements, generating sufficient power.

This review focuses on the recent development in piezo-
electric energy harvesting for applications where the vibra-
tion source has a frequency lower than 100 Hz. The selection
of the appropriate piezoelectric material for a specific appli-
cation and methods to optimize the design of the piezoelec-
tric energy harvester will be discussed.

Il. TYPICAL CONFIGURATIONS OF PIEZOELECTRIC
ENERGY HARVESTERS

In most cases of piezoelectric energy harvesting, the
vibration or mechanical energy sources either have low
motion frequencies or low acceleration. A thin and flat form
factor allows a piezoelectric element to readily react to the
motion for the host structure. In addition, such a form factor
is also beneficial in reducing the overall dimensions and
weight of the energy harvesting device. Thus, the piezoelec-
tric materials used in most of the piezoelectric energy
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harvester designs and configurations explored to date possess
a thin-layer geometric shape.

A. Cantilever beams

Cantilever geometry is one of the most used structures
in piezoelectric energy harvesters, especially for mechanical
energy harvesting from vibrations, as large mechanical strain
can be produced within the piezoelectric during vibration,
and construction of piezoelectric cantilevers is relatively
simple. More importantly, the resonance frequency of the
fundamental flexural modes of a cantilever is much lower
than the other vibration modes of the piezoelectric element.
Therefore, a majority of the piezoelectric energy harvesting
devices reported today involve a unimorph or bimorph canti-
lever design.

A thin layer of piezoelectric ceramics can be built into a
cantilever, bonding it with a non-piezoelectric layer (usually
a metal serving as a conductor of the generated charge), and
having its one end fixed in order to utilize the flexural mode
of the structure (Figure 1(a)). Such a configuration is called a
“unimorph” as only one active layer (the piezoelectric layer)
is used in this structure. A cantilever can also be made by
bonding the two thin layers of piezoelectric ceramic onto the
same metal layer to increase the power output of the unit
(Figure 1(b)). This is called a “bimorph” structure as two
active layers are used. Bimorph piezoelectric cantilevers are
more commonly used in piezoelectric energy harvesting
studies because the bimorph structure doubles the energy
output of the energy harvester without a significant increase
in the device volume.

In a piezoelectric cantilever, the poled directions of the
piezoelectric layers are usually perpendicular to the planar
direction of the piezoelectric layers because it is the most
convenient way to polarize piezoelectric sheets when they are
fabricated. Piezoelectric cantilevers operating in the above
manner are said to be operating in the “31 mode,” where “3”
denotes the polarization direction of the piezoelectric layer
and “1” denotes the direction of the stress, which is primarily
in the planar direction of the cantilever. The 31 mode utilizes
the d;; piezoelectric charge constant, the induced polarization
in the poled direction (direction “3”) of the piezoelectric per
unit stress applied in direction “1.” For a given piezoelectric

' (2) . (b)

[ Non-piezoelectric
[ Piezoelectric

! © (d) '

FIG. 1. Various configurations of piezoelectric cantilevers: (a) unimorph;
(b) bimorph; (c) a piezoelectric cantilever with interdigitated electrodes; (d)
a piezoelectric cantilever with proof mass at its free end.
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material, d3; is always smaller than ds3 because in the 31
mode the stress is not applied along the polar axis of the pie-
zoelectric material. Therefore, in order to utilize a piezoelec-
tric sheet in the “ds3” mode for higher energy output, an
interdigitated electrode design can be used (Figure 1(c)). In
this electrode design, an array of narrow positive and nega-
tive electrodes is placed alternately on the surface of a piezo-
electric sheet when it is fabricated. During poling treatment
of the sheet, the interdigitated electrodes direct the electric
field to apply laterally within the sheet so that the sheet is
polarized in the lateral direction instead of the conventional
vertical direction. This way, when the sheet is subjected to
bending, the stress direction is parallel to the poled direction
of the piezoelectric, enabling the utilization of the primary
piezoelectric charge constant, dss.

The resonance frequency of a simply supported cantile-
ver beam can be calculated using the following equation:*°

2

21 [EI
r = — _’ 1
U’ 2n L2 N mw M

where E is the Young’s modulus, / is the moment of inertia,
L is the length, w is the width of the cantilever, m is the mass
per unit length of the cantilever beam, and v, = 1.875 is the
eigenvalue for the fundamental vibration mode.

To further lower the resonance frequency of the cantile-
ver, a proof mass can be attached to the free end of the canti-
lever (Figure 1(d)). Equation (1) can be approximated into
Eq. (2) to include the proof mass®

V21 K
r =1 A 2
f 2nL? \ m, + Am )

where Vv =12,/0.236/3, m, = 0.236mwL is the effective
mass of the cantilever, Am is the proof mass, and K is the
effective spring constant of the cantilever.

Roundy discovered that the power output of a cantilever
energy harvester is proportional to the proof mass. In other
words, the proof mass should be maximized within the
design constraints imposed by the beam strength and the res-
onance frequency.'

Aside from the resonance matching between the energy
harvester and the primary input frequency of the host, strain
distribution within the piezoelectric material is also an im-
portant aspect to reduce the size and weight of the piezoelec-
tric cantilever. The energy output is largely dependent upon
the volume of the piezoelectric material subjected to me-
chanical stress. The stress induced in a cantilever during
bending is concentrated near the clamped end of the cantile-
ver.” In other words, the strain is at its maximum in the
clamped end and decreases in magnitude at locations further
away from the clamp.® As a result, the non-stressed portion
of the piezoelectric layer does not actually contribute to
power generation. Both theoretical analysis and experimental
studies have shown that a “tapered” or triangular cantilever
shape may achieve constant strain level throughout the entire
length of the cantilever.”!! Therefore, piezoelectric cantile-
vers with a tapered shape have often been used to minimize
the size and weight of the cantilever.



041301-4 Li, Tian, and Deng

Metal End-Cap

N

PZT

FIG. 2. Schematic of a piezoelectric “cymbal” transducer. Reprinted with
permission from Kim ez al., Jpn. J. Appl. Phys., Part 1 43(15), 6178 (2004).
Copyright 2004 The Japan Society of Applied Physics.

B. Discs (discs, cymbals, diaphragms)

In addition to cantilevers, energy harvesters with circu-
lar shapes, such as cymbal transducers and piezoelectric dia-
phragms, have also been explored.

1. Cymbal transducers

Cymbal transducers were developed for applications
that have high impact forces. It typically consists of a piezo-
electric ceramic disc and a metal (steel) end cap on each side
(Figure 2). Steel is typically used because it provides higher
yield strength than brass and aluminum, thus leading to
higher force loading capability of the transducer.'?

When an axial stress is applied to the cymbal transducer,
the steel end caps convert and amplify the axial stress to
radial stress in the PZT disc. Therefore, both ds; and d3; pie-
zoelectric charge coefficients are combined to contribute to
the charge generation of the transducer. The effective piezo-
electric charge constant d33 of a cymbal transducer is
expressed as'?

d = dy; + Ald|, 3

where A is amplification factor.

Cymbal transducers can provide a higher energy output
than cantilever energy harvesters because the cymbal struc-
ture withstands a higher impact than the cantilever beam.
For example, a cymbal transducer with a piezoelectric ce-
ramic disc of a diameter of 29 mm and a thickness of 1 mm
showed an output power of 39 mW and 52 mW under AC
force of 7.8N and 70N, respectively, at 100 Hz."> On the
other hand, however, the robust nature of the cymbal struc-
ture also limits its potential use to applications that provide

RFD with ICE

Electric
Field
Vector

RFD with IRE

Appl. Phys. Rev. 1, 041301 (2014)

high magnitude vibration sources. They are not suitable for
energy harvesting from natural ambient vibration sources,
which have a low magnitude of vibrations.

2. Circular diaphragms

A piezoelectric circular diaphragm transducer operates
in a similar fashion to that of piezoelectric cantilevers. To
construct a piezoelectric circular diaphragm transducer, a
thin circular piezoelectric ceramic disc is first bonded to a
metal shim and then the whole structure is clamped on the
edge, while piezoelectric cantilevers are only clamped at one
end of the cantilever beam. In some cases, a proof mass is
attached at the center of the diaphragm to provide prestress
to the piezoelectric ceramic, as it has been found that pre-
stress within the piezoelectric element can improve the low-
frequency performance of the energy harvester and increase
the power output.'*™'® Another method to introduce prestress
within the piezoelectric ceramic occurs during the fabrica-
tion stage of the piezoelectric-metal composite, as in the
case of THUNDER® (Thin Layer Unimorph Driver) trans-
ducer."”™"® A piezoelectric ceramic layer is first sandwiched
between two dissimilar metal layers, and then the composite
is heated and cooled to room temperature. The difference in
the thermal expansion coefficients of the two dissimilar met-
als causes the whole structure to warp, thus introducing pre-
stress in the piezoelectric.

Similar to piezoelectric cantilevers, a conventional pie-
zoelectric diaphragm operates in the 31 mode. To utilize the
33 mode of the ceramic, NASA developed a spiral electrode
pattern for piezoelectric ceramic diaphragms that functions
in a similar fashion to interdigitated electrodes. In this pat-
tern, the positive and negative electrodes spiral alternately
inward to the center of the piezoelectric disc (Figure 3).
Such piezoelectric diaphragm transducers are called Radial
Field Diaphragms (RFD).?>"?* At a low frequency of 10 Hz,
it has been shown that RFD’s exhibit 3—4 times larger out-
of-plane displacement than a conventional piezoelectric dia-
phragm.?® 33-mode piezoelectric diaphragms were only
recently studied for energy harvesting applications. Shen
et al. reported results of using a PZT disc with the spiral
interdigitated-style electrodes as an energy harvester.'® Due
to the small size of the device, the lowest resonance fre-
quency of the device in that study was 1.56kHz and the
power output was in the nano-watt range under 1g

Copper

Displacem Electrodes

Vector

Piezoceramic

Electric
Field

Cross Sectional View

FIG. 3. A schematic of Radial Field Diaphragms (RFD). Reprinted with permission from Bryant et al., J. Intell. Mater. Syst. Struct. 15(7), 527-538 (2004).

Copyright 2004 SAGE Publications.
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FIG. 4. Tllustration of the concept of a cylindrical piezoelectric shell energy
harvester. Reprinted with permission from Chen et al., Appl. Math. Mech.
28(6), 779-784 (2007). Copyright 2007 Springer Science and Business
Media.

acceleration. However, a power density comparable to cym-
bal transducers and 33-mode cantilevers was shown.

C. Other configurations

In addition to cantilevers, cymbals and diaphragms,
there are other piezoelectric element configurations which
have been explored in mechanical energy harvesting.

For rotational or angular vibration sources, a concept of
a piezoelectric shell generator was proposed by Chen et al.
in 2007. In this design, a cylindrical piezoelectric ceramic
shell poled tangentially was fixed to a base moving in an
angular motion. A thin mass was attached on the upper end
of the shell, acting as a proof mass in a similar manner as
with the cantilever. The resonance frequency of the shell
structure is lowered, forcing the shell to be strained more
severely for higher power output (Figure 4).*

When harvesting mechanical energy from vibrations for
Micro-Electro-Mechanical systems (MEMS) applications,
the small dimensions of the devices inevitably impose chal-
lenges to achieve low resonance frequencies due to the large
elastic moduli of piezoelectric ceramics and single crystals.
In the past several years, some innovative harvester designs
have been proposed including an interesting ring design
reported by Massaro et al. in 2011 (Figure 5).** The so-
called ring-MEMS (RMEMS) structure was fabricated by
etching away a substrate layer underneath a strip of

Rolled up layers

Sacrificial layer SiO,

Appl. Phys. Rev. 1, 041301 (2014)

Supporting frame

S-shaped PZT bear:
Bonding pad to

bottom electrode Proof mass

Bonding pad to
top electrode

Supporting spacer

FIG. 6. A MEMS S-shaped PZT cantilever proposed by Liu et al. Reprinted
with permission from Liu et al., Microsyst. Technol. 18(4), 497-506 (2012).
Copyright 2012 Springer-Verlag.

aluminum nitride (AIN) thin film. The large residual stress
within the layered structure caused the AIN strip to roll up,
forming the RMEMS structure. The experimental results
showed that the RMEMS prototype not only could achieve a
strong resonance at a low frequency of 64 Hz but also pos-
sess other resonance peaks at even lower frequencies (40 and
48 Hz) due to the torsional motion of the ring structure.

Another innovative cantilever design was developed by
Liu et al. in 2012, which pushed the resonance frequencies
of a MEMS PZT cantilever to below 30 Hz.”>® Instead of a
conventional straight beam, this new cantilever design fea-
tured an S-shaped meandering beam (Figure 6), reducing the
stiffness of the cantilever in order to achieve a low resonance
frequency.

In addition to using MEMS devices to harvest energy
from vibrations, another important energy harvesting appli-
cation using piezoelectric MEMS devices are wearable and
implantable biomedical devices, such as heart rate monitors
and artificial pacemakers. In these cases, the source of the
mechanical energy is usually the movements of human
muscles or internal organs. To be compatible with the soft
and dynamic nature of the human body, these piezoelectric
energy harvesting devices are usually thin and flexible. A
typical way to fabricate such devices is to print piezoelectric
ceramic thin films, such as PZT?*"'?® and Zn0,?°**" in ribbon
geometry onto flexible substrates. A recent study reported by
Dagdeviren et al. demonstrated encouraging results from a
PZT ribbon energy harvester that successfully harvested me-
chanical energy in vivo from the natural contractile and
relaxation motion of the heart and lung.28 The device incor-
porated a PZT element, a rectifier, and a chip-scale recharge-
able battery on a flexible polyimide substrate. The PZT
element consisted of 12 groups of 10 PZT ribbons that were

FIG. 5. A low-frequency piezoelectric ring MEMS (RMEMS) harvester: (a) schematic of the ring’s layered structure; (b) SEM image of the RMEMS showing
the torsional moments of the tip; (c) SEM image showing the top view of the RMEMS. Reprinted with permission from Massaro et al., Appl. Phys. Lett. 98(5),

053202 (2011). Copyright 2011 AIP Publishing LLC.
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500 nm thick. Although the system’s energy harvesting effi-
ciency was merely 1.7%, a power density of 0.18 uW/cm?
was achieved with a single harvester, and 1.2 uW/cm?® was
achieved when 5 of these harvesters were stacked together,
sufficient to power a cardiac pacemaker.

lll. PIEZOELECTRIC MATERIALS AND THEIR
PERFORMANCES IN ENERGY HARVESTING

Piezoelectric materials are a group of materials that can
generate charge when mechanical stress is applied.
Piezoelectricity results from the dipoles naturally occurred,
or artificially induced in the crystalline or molecular struc-
tures of these materials. Based on their structural characteris-
tics, piezoelectric materials can be divided into four different
categories: ceramics, single crystals, polymers, and compo-
sites. In single crystal materials, positive and negative ions
are organized in a periodic fashion throughout the entire ma-
terial except for the occasional crystalline defects. One of
the most widely used piezoelectric single crystals is the solid
solution of PMN-PT. In contrast, ceramics are polycrystal-
line materials. Namely, they are comprised of many single
crystal “grains” that possess the same chemical composition.
However, ions in the individual grains of a ceramic can ori-
ent differently from one another and the spacing between the
ions can be slightly different as well. Polymers are carbon-
based materials composed of long polymer chains which
have many repeated structural units called “monomers.”
These materials are much more flexible than ceramics and
single crystals. In some applications, in order to achieve cer-
tain properties that none of these three groups of materials
can provide on their own, these materials can be combined
together to form composites.

Because of the strong polarizations in their crystalline
structures, piezoelectric single crystals and ceramics exhibit
much better piezoelectric properties than piezoelectric poly-
mers. On the other hand, compared with piezoelectric poly-
mers, they also have the disadvantages of being rigid and
brittle. Therefore, the selection of a certain piezoelectric ma-
terial for a specific energy harvesting application is deter-
mined not only by the piezoelectric properties but also the
specific design requirements of the energy harvesting unit,
such as the application frequency, the available volume, and
the form in which mechanical energy is fed into the system.
However, strictly from the materials perspective, the impor-
tant properties of piezoelectric materials for energy

Appl. Phys. Rev. 1, 041301 (2014)

harvesting applications include piezoelectric strain constant
d (induced polarization per unit stress applied, or induced
strain per unit electric field applied), piezoelectric voltage
constant g (induced electric field per unit stress applied),
electromechanical coupling factor k£ (square root of the
mechanical-electrical energy conversion efficiency), me-
chanical quality factor Q (degree of damping; lower value
indicates higher damping), and dielectric constant ¢ (the abil-
ity of the material storing charge). Table II shows some typi-
cal values of these parameters for piezoelectric single
crystals, ceramics, composites, and polymers. The values of
d, k, and ¢ for piezoelectric single crystals and ceramics are
much higher than those of piezoelectric polymers. The g
constants of the polymers are higher because of their much
lower dielectric constants compared to those of the single
crystals and ceramics as g=d/e. Since the goal of energy
harvesting is to convert as much input mechanical energy
into electric energy, when selecting a piezoelectric material
for an energy harvesting application, one would want to
choose a material with high electromechanical coupling fac-
tor k, as the square of £ is the efficiency of this material con-
verting the input mechanical energy to the output electric
energy. A piezoelectric ceramic with high £’s usually also
has high d’s because under static or quasi-static conditions
(i.e., at frequencies much lower than the resonance fre-
quency), k is directly related to d through elastic compliance
and permittivity of the material. For example, for a piezo-
electric ceramic plate poled along its thickness direction, the
planar-mode electromechanical coupling factor

, _ 5

K = shels” @

where d3; is the piezoelectric strain constant (induced polar-
ization in the “3” direction per unit stress applied in “1”
direction), s%, is the elastic compliance, and &1, is the permit-
tivity under constant stress.

As stated earlier, to extract maximum amount of power,
the piezoelectric energy harvester is preferable to operate it
at its resonance. However, in many cases, it is impractical to
match the resonance frequency of the piezoelectric with the
input frequency of the host structure due to the volume
constraint of the device. This is especially common for low-
frequency applications, as a lower resonance frequency usu-
ally demands a larger piezoelectric element. In this situation,
the piezoelectric element has to operate in off-resonance

TABLE II. Properties for selected piezoelectric ceramics, single crystals, PZT-polymer composites, and polymers.

PZT-5H PMN-32PT with (001) PZT rod-Polymer composite PVDF

(ceramic) orientation (single crystal) with 30 vol. % PZT (polymer)
Density (g/cm?) 7.65 8.10 3.08 1.78
Dielectric constant &, 3250 7000 380 6.0
Young’s modulus Y33 (GPa) 71.4 20.3 2
Mechanical quality factor Q,, 32 10
Piezoelectric charge constant d33 (pC/N) 590 1620 375 25
Piezoelectric charge constant d3; (pC/N) -270 —760 12-23
Electro-mechanical coupling factor k33 0.75 0.93 0.22
Reference 31 32 33 34,35
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conditions. Therefore, at low-frequency conditions, a piezo-
electric element can be approximated as a parallel plate
capacitor so the electric energy of the piezoelectric element
is given by

1
U=_-CV?
2

or energy per unit volume>°

1 F\’
uz(d~g)<A> ) )

where C is capacitance, V is the voltage, d is the piezoelec-
tric strain constant, g is the piezoelectric constant, F is the
force, and A is the area. In Eq. (5), one can see that for a pie-
zoelectric element of given area and thickness under the
same applied force, a material with a higher value of (d - g)
will provide more power. It is not difficult for one to recog-
nize the similarity between (d - g) and the expression of k> in
Eq. (4) since 83141 This relation between the power density

33

and (d - g) has been experimentally verified by the study of
Choi et al. in Pb(Zr0_47Ti0_53)03—Pb((Zn0.4Ni0_6)1/3Nb2/3)03
(or PZT-PZNN) ceramics that had various compositions.”

For near resonance applications, however, theoretical
studies have shown that the optimum output power of a pie-
zoelectric energy harvester at resonance is actually inde-
pendent of the piezoelectric properties of the piezoelectric
material. Miso used a piezoelectric cantilever beam model to
deduce that when the electrical resistance of the system is
tuned to optimum, the optimum output power at resonance,
and the corresponding output voltage are given by the fol-
lowing equations:*®

B? &2
1P out e = —f_B> (6)
opt,r /“—‘KM SCm
|00W|()pt,r ~ mew[h (7)

where By is the forcing vector that accounts for the inertial
loading on the cantilever beam due to the base excitation, K
is the stiffness, M is the mass, {,, is the mechanical damping
ratio, 0 is a coupling term that is a direct function of the pie-
zoelectric strain constant, and (g is the acceleration of the
base. As Eq. (6) does not contain any term related to the pie-
zoelectric parameters of the piezoelectric element, it is clear
that the optimum power output of the harvester at resonance
is not dependent upon the piezoelectric properties of the
material. However, the output voltage of the harvester at res-
onance is related to the piezoelectric coupling of the material
since the coupling term 0 is a function of the piezoelectric
strain constant (Eq. (7)).

The selection of the piezoelectric material is more com-
plex. An important material parameter to consider at reso-
nance is the mechanical quality factor Q as it represents how
sharp the resonance peak is. Although a sharp resonance
peak (high Q) is beneficial from the output power point of
view, it also leads to a narrower bandwidth, which means
that the output power will fall off quickly if the input
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frequency of the vibration host is only slightly off the reso-
nance frequency of the harvester.

A. Piezoelectric ceramics

Piezoelectric ceramics are the materials commonly
selected for piezoelectric elements used in energy harvesting
devices because of their low cost, good piezoelectric proper-
ties, and ease to be incorporated into energy harvesting
devices. Amongst all the piezoelectric ceramics, PZT is
important because of its excellent piezoelectric properties
and high Curie temperatures (the critical temperature above
which piezoelectric materials lose their piezoelectricity).
Based on a wide range of material property requirements for
piezoelectric materials, over the last few decades, PZT has
been expanded into a large family of ceramics that cover a
broad range of properties by modifying its chemical compo-
sition or fabrication processes. PZT-5SH and PZT-5A are
some of the more frequently used ones.

Based on the characteristics of the mechanical energy
source, piezoelectric ceramics can be used in different con-
figurations. For energy harvesting from vibrations, piezo-
electric ceramic thin films, thick films, and plates are usually
preferred because they can be readily integrated in a cantile-
ver structure. To harvest energy from mechanical impacts,
layers of piezoelectric ceramic materials can be stacked to
stand the impact.

Roundy’s study used a PZT bimorph cantilever as an
energy harvesting device to energy from harvesting low level
vibrations to power wireless sensor nodes.” In the study,
Roundy first confined the harvester volume within 1cm®. A
PZT cantilever was made using PZT-5A ceramic and a steel
center shim. The length of the cantilever was 1.75cm. A
proof mass was attached to the tip of the cantilever to lower
the cantilever’s resonance frequency. The device was driven
at 100 Hz, matching the natural frequency of the energy har-
vester, and the driving acceleration was 2.25 m/s>. When the
load resistance was set to the optimum value (~220kQ),
60 uW of power was achieved. Following this first experi-
ment, Roundy fabricated and investigated two cantilevers
using PZT-5H ceramic by imposing two additional length
constraints at 1.5 cm and 3 cm, respectively. At their optimal
operating conditions, these cantilevers achieved power out-
puts of about 200 uW and 380 uW, respectively.

In 2003, Sodano et al. reported that when a wide PZT-
5H cantilever with dimensions of 63.5 x 60.3 x 0.27 mm’
was driven on an electromagnetic shaker at 50 Hz (the reso-
nance frequency of the cantilever), the cantilever was able to
charge a 1000 mAh NiMH rechargeable battery to 90% of
the battery’s capacity within 22 h.*°

Yuan et al. investigated the energy harvesting perform-
ance of a trapezoidal PZT cantilever compared to a conven-
tional rectangular PZT cantilever that had the exact same
dimensions.*® The size of the PZT used in this study was a
few times larger than that used by Roundy. The length and
width of the cantilevers were 45mm and 20 mm, respec-
tively, and the thickness of the PZT layer on each side of the
metal layer was 0.3 mm. Without a proof mass, although
these cantilevers were longer than Roundy’s, the trapezoidal
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PZT cantilever showed higher resonance frequencies at
140-180 Hz. When driven at the resonance frequency, under
an optimal resistive load, 8.6 mW of power was obtained
with the rectangular PZT cantilever; whereas 24.2 mW was
obtained with the trapezoidal one.

In 2004, Kim et al. reported a study that investigated the
energy harvesting capability of a cymbal transducer.'” The
cavity depth d,. and cavity diameter ¢, are important design
parameters that affect the energy output because the strain
amplification factor A is approximately proportional to the
ratio of ¢./d... The fabricated cymbal transducer was 29 mm
in diameter and had a PZT disc with a thickness of 1 mm.
Three different PZT ceramics were evaluated for comparison:
a hard PZT, a soft PZT, and a PZT that had a high g. Under a
cyclic force of 7.8 N at 100Hz, the PZT with a high g con-
stant showed the highest output voltage (~100V). When an
optimal resistive load was used, the high-g PZT cymbal trans-
ducer was able to output 39 mW of power. It is worth men-
tioning that the high-g PZT in this study also possessed the
highest (d-g) product amongst the three PZT materials.
Later, Kim and his colleagues fabricated a cymbal transducer
using thicker steel end caps and the same high-g PZT ceramic
with the same thickness as the previous experiment to further
explore the transducer’s power generating capability under
higher force conditions. They found that under an AC force
of 70N at 100 Hz, a maximum power of 52 mW was obtained
when the steel cap thickness was 0.4 mm.

While piezoelectric ceramics in the form of thin layers
have been favorable in piezoelectric energy harvesting stud-
ies based on vibrations, piezoelectric ceramic stacks can be
used in energy harvesting from mechanical impacts. Platt
et al. studied the possibility of embedding three PZT stacks
within a total knee replacement (TKR) implant to power the
encapsulated sensors, capable of monitoring the health and
working status of the implant.*' Three rectangular PZT
stacks were constructed as the energy harvesting elements.
Each stack had the dimensions of 1.0 x 1.0 x 2.0cm’ and
consisted of ~145 PZT layers that were electrically con-
nected in parallel. Placed inside a TKR implant, these PZT
stacks were designed to be subjected to axial force applied
by the human body. It was observed that under a 900 -N load
at a frequency of 1 Hz, the maximum power output per PZT
stack was approximately 1.6 mW with a matched resistive
load, implying 4.8 mW for the entire energy harvesting
device, which was then proven to be able to continuously
power a low-power microprocessor.

From the reports described above, one can see that for a
piezoelectric ceramic energy harvester to have a reasonably
small size, the resonance frequency of the piezoelectric ele-
ment is usually the range of tens of hertz or higher.
However, in many energy harvesting applications that are
based on vibrations, both the amplitude and frequency of the
host structure can be very low, making it challenging for the
ceramic element to adapt to the motion of the host. In an
attempt to solve this problem, Renaud et al. proposed a new
piezoelectric generator design that converts small motions of
the host structure into the movement of a moving mass. The
mass then delivers impact to the piezoelectric ceramic ele-
ment.*? In this design, two piezoelectric cantilevers
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positioned on the two ends of the device housing were con-
nected with a guiding channel that guides a moving steel
“missile” (mass =4 g) that has an oblong shape. Mechanical
energy of small vibrations or rotatory motion of the host
structure converts into electrical energy as the steel “missile”
bounces between the two piezoelectric beams, providing
impact. The prototype harvester has a volume of 25 cm® and
a weight of 60 g. With repeated rotatory motion at 1 Hz, the
average power output of the device was 47 uW. While held
in hand and shook at an amplitude of 10 cm and a frequency
of 10 Hz, a maximum of 600 uW was measured.

B. Piezoelectric polymers

PVDF (polyvinylidene difluoride) is the most frequently
used piezoelectric polymer. It is a semi-crystalline polymer
with a repeating unit of (CH,-CF,) and it contains about
50% crystals that are embedded in an amorphous matrix.
Piezoelectric polymers are flexible and easy to deform,
which makes them resilient to mechanical shock and also
allows them to be easily mounted to curved surfaces. In addi-
tion, the densities of piezoelectric polymers are less than /4
of that of PZT ceramics, desirable for lightweight piezoelec-
tric elements. Compared with piezoelectric ceramics, PVDF
has much lower piezoelectric constants. For instance, the d3;
value of PVDF ranges merely 12-23 pC/N depending upon
the fabrication and poling processes.*”*?

Because of the flexible nature of PVDF, it has been
investigated for piezoelectric energy harvesting from weara-
ble items, such as shoes and backpacks.

Kendall first studied using PVDF as an energy harvesting
material in shoes to harvest the mechanical energy produced
during human walking.** The energy harvesting element had
a bimorph structure fabricated by laminating two PVDF
stacks with a 1-mm thick plastic substrate in between. Each
PVDF stack consisted of eight 28-um sheets that had a hex-
agonal shape with dimensions of 10 x 8 cm?. Designed to be
a sole-bending system that operated during a walking per-
son’s up-step, the bimorph was placed under the ball of the
foot with a small gap underneath. For comparison, a heel
strike system that used a THUNDER PZT transducer was
also developed and investigated. The THUNDER transducer
was a pre-stressed PZT unimorph beam with dimensions of
7 x 7cm?. Kendall’s results showed that when matched with
appropriate resistive load, under a 2-Hz excitation (the fre-
quency of normal human walking motion); the PVDF sole-
bending system provided a power output of 0.6 mW, whereas
the PZT-based heel-strike system showed an output of 5 mW.

Theoretical studies for an insole shoe energy harvester
have also been conducted. Mateu and Moll compared differ-
ent cantilever beam structures (homogeneous bimorph,
symmetric heterogeneous bimorph, and asymmetric heteroge-
neous bimorph) that used PVDF film as the piezoelectric
layers, in an attempt to identify the optimal piezoelectric
bender structure used in the insole of a shoe.'" They found the
asymmetric heterogeneous bimorph structure (one or more
piezoelectric film on top of a non-piezoelectric material) with
large Young’s modulus ratio (Yronpiezo/Ypiezo) t0 be the most
efficient structure for an insole piezoelectric bender.
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Piezoelectric energy harvesting from backpacks has
been investigated. Sodano et al. studied using PVDF to
replace the traditional straps of a backpack.*> The working
mechanism was that as the person wearing the backpack
walks, the differential forces between the person and the
backpack will act on the PVDF straps, thus converting the
mechanical energy to electrical energy. A theoretical model
was developed with two experimental thicknesses (28 um
and 52 um) of PVDF film and three different strap configura-
tions (single strap, four straps in series, and four straps in
parallel). Using the model, it was predicted that a 50-1b load
with two PVDF straps could generate ~ 10 mW of power.

In 2003, Elvin et al. conducted theoretical and experi-
mental studies using a 28-um thick PVDF film with a size of
26 x 15mm? as a self-powered strain energy sensor to detect
cracks on a beam structure.*® In this study, the PVDF film
was attached to a Plexiglas beam using double-sided tape.
Two wires were then attached to the PVDF film to connect
the film to a radio transmitter circuit. When the beam was
subjected to a 1-Hz dynamic force that caused a 2.2-mm
beam displacement, the electrical energy generated by the
film was sufficient to power the transmitter to complete a RF
transmission. However, no power values were reported.

Due to the flexible nature of piezoelectric polymers, use
as an energy harvesting device in fluids or air has also been
studied.

Pobering and Schwesinger proposed a PVDF flag design
that can be used in a river for flow energy harvesting.*” The
flag had a bimorph cantilever structure and the fixed end of the
cantilever had a bar structure which was designed to create
flow disturbance (Figure 7). When the flag was oriented in the
downstream position, the flow disturbance structure developed
a type of flow called a Von Karman’s vortex street. The alter-
nating forces of the flow on the two sides of the flag resulted in
the fluttering motion of the flag, thus generating electrical
energy. Accounting for the turbulent flow, striped electrodes
were used on the flag. It was concluded that with a flow veloc-
ity of 2m/s, the power output of the flag could be 11-32 W/m>.

Wind energy harvesters using PVDF have also been
studied. PVDF films were used as a cantilever*®*’ or
attached to a leaf-shaped structure.’® The findings showed
that the output power density of the PVDF energy harvesters
generally does not exceed 2 mW/cm®.

In summary, one can see that within a reasonably small
volume, energy harvesters using piezoelectric polymers
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FIG. 7. The PVDF flag design proposed by Pobering et al for energy har-
vesting from river flows. Reprinted with permission from S. Pobering and N.
Schwesinger, in Proceedings of the International Conference on Mems,
Nano and Smart Systems (2004), p. 480. Copyright 2004 IEEE.
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typically provide lower power output in the micro Watt
range, smaller than what a piezoelectric ceramics-based
energy harvester can deliver.

C. Piezoelectric ceramic-polymer composites

The energy harvesting capabilities of PZT-polymer
composites have been studied extensively in order to com-
bine the excellent piezoelectric properties of PZT ceramics
with the flexibility of polymer. These composites are fabri-
cated by structurally combining PZT ceramics with polymers
in a certain pattern. The ceramic is either in the form of par-
ticles, fibers, or rods while the polymer fills up the rest of the
space. The composites based on PZT fibers are most
explored for mechanical energy harvesting due to the ease of
use when fabricating thin layer structures. The flexibility of
PZT-polymer composites comes at the expense of their pie-
zoelectric performance (Table II); this is because a signifi-
cant volume of the material is replaced with inactive
polymers, in comparison to active piezoelectric grains
throughout the entire material in the case of the ceramics.

In 2003, Churchill et al. investigated the possibility of
using a piezoelectric fiber-based film to power a wireless sen-
sor.”! The composite film was a PZT-polymer composite film
called “Piezoelectric fiber composites” (PFC), which was man-
ufactured by Advanced Cerametrics, Inc. (ACI). The PFC con-
sisted of unidirectionally aligned PZT fibers embedded in a
resin matrix and used interdigitated electrodes so that the fibers
operated in 33 mode. The PFC film used in this particular study
had the fibers with a round cross-section whose diameter was
250 um. The film was 0.38 mm thick, 130 mm long, 13 mm
wide, and was bonded to a beam test structure that was sub-
jected to 3-point bending. Under a cyclic strain load of 300 ue
at 180 Hz, the film was able to output 0.75 mW of power. A
much more moderate condition of 150 ue¢ at 60 Hz resulted in a
much lower output of 50 uW, which, however, was still suffi-
cient to provide enough energy to power a radio wireless trans-
mitter for one transmission every 165 s.

Sodano et al. used another commercial composite trans-
ducer called “Micro Fiber Composite” (MFC), manufactured
by Smart Material Corporation, for a comparison study of the
energy harvesting performance of the MFC and two other
monolithic PZT transducers, a unpackaged PZT-5H sheet, and
a packaged PZT sheet called “QuickPac