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ABSTRACT

Energy harvesting research from vibration gained great interest for its potential to
excel in lower power applications. Often piezoelectric devices are implemented and
harness the vibrational frequency as a means to excite the component. The piezoelectric
device converts mechanical strain into electrical charge and exists in various prototypes.
The cantilevered beam and performance are dependent on the material configuration,
size, shape, and layers. This thesis analyzes several piezoelectric components to
determine the best way for power optimization and efficiency in this conversion. Store
purchased piezoelectric components were soldered and assembled electrically in series or
parallel. To increase energy harvesting efficiency at different frequencies, which exist

primarily from an ambient source, the output prototype was analyzed.
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Chapter 1 Research Areas

1.1 Project Objectives

The opportunity for the research presented studies the power output performance
and energy conversion efficiency of various piezo elements within a mathematical model.
To overcome barriers of inefficient power outputs, many researchers explored ways to
maximize efficiency and bandwidth by studying the impacts of different piezo materials,
design configurations, and other optimization techniques [13][14][29]. If this were to
become more effective in producing a consistent output, it can easily be adapted into as a
power source for low power electronic devices. The compression or stretching of the
piezoelectric component results in the dipole orientation to align themselves along the
axis of the crystal, leads to a net polarization across the surface.

Energy harvesting processes derive this energy and harness it to be used for low
power applications. The implications of utilizing renewable energy create a less
detrimental impact on the environment and are less harmful in their CO2 emissions.
Batteries often need to be replaced, but the duration of time they last depend on the
application it is being used for. Advancements in the development of lithium-ion battery
technology greatly impacted the automotive industry and production of electric vehicles.
There are a wide range of damaging implications as a result of battery production,
making energy harvesting an attractive option to reduce energy consumptions [7][11].

Vibration exists in everyday environments and is a viable option to exploit this
energy using the piezoelectric effect which converts the mechanical stress to electrical

charge.



1.2 Research Question

The main research in question is accurately characterizing the performance of
piezoelectric elements. Low power applications are easily sourced through artificial
sources such as vibration. Piezoelectric components exist in a variety of configurations,
types of materials, and orientations with respect to the 3D plane that all impact the dipole
excitations created from the mechanical strain induced. An EMF, electromagnetic field is

applied across the crystal material, producing a voltage across it.

Covid-19 resulted in the mathematical model analysis to compare the piezo element
behaviors on an equivalent model. The original concept of this research was to validate
and analyze road vibrations as well as tire deformation. This deformation on the piezo
element was to be characterized and tested to determine if it was able to power a TPMS
system. However, the research question of this thesis deviated due to remote learning
with the pandemic. Instead, experimental setups are used to demonstrate this concept in a
working model. This study examines the vibrational output relative to the spring mass
system based on the frequency of excitation [15]. The magnitude of the frequency varies
depending on the environmental setting, and there is interest in exploring ways to harvest
wasted energy not captured from those vibrations. There are concerns related to if the
energy harvester can effectively generate enough charge under excitations.

Project Objectives:

e Predict output of piezoelectric harvester and analyze the influence of design
fabrication parameters on performance
e Experimental setup notating power optimization techniques of the

piezoelectric component.



Therefore, methodologies that pertain to power optimization performance of the
energy harvesting devices are explored. The design, harvesting materials, optimization

techniques from the resonance frequencies are reviewed and discussed.

1.3 Thesis overview

As stated above, Chapter 1 establishes the topic area of investigation and the
performance of piezoelectric devices. The introductory chapter expresses the purpose of

this research study as well as the goals and objectives of this research.

The following chapter further defines energy harvesting concepts and background
information. It provides an overview of energy harvesting history and explores three
main types, electrostatic, electromagnetic, and piezoelectric. Potential applications prove
to be beneficial for the areas of wearable technology and the automotive industry

specifically.

The third chapter is the literature review portion of piezoelectricity as it defines
the material parameters, configurations, and the component’s geometry. These factors
greatly influence output performance based on vibrational excitations. It is further
discussed the important of matching the vibration oscillations to the resonant frequency
to the energy harvesting component to maximize the output. More importantly, is the

conversion of this output to prevent energy loss.

The fourth chapter is the experimental setup and measurements obtained. Using
an oscilloscope, vibration shaker table, and function generation the performance is

characterized. The results are highlighted in this section.



Lastly, the fifth chapter emphasizes the results and relates this back to the
research. The experimental outcomes are discussed compared to other analytical studies.

There is a list of suggestions for further research and development on this topic.



Chapter 2 Energy Harvesting

2.1 Introduction

Energy harvesting can be defined as the conversion of usable energy from natural
resources (ie, power, thermal, wind, ambient energy) into electrical charge that is stored
for powering small, wireless devices. Solar energy panels can harvest solar power at a
rate of 1000 Watts/m”2 in direct sunlight, however this is dependent on external factors
like the weather, season, and even the sunlight angle. With these factors into
consideration the typical output power is roughly 40mW per square inch. If the panel is in
indirect sunlight the performance reduces significantly [2].

Acoustic sound is another popular option but tends to have drawbacks based on
the resonant frequency output from the acoustic wave oscillations. The theory behind this
is based on Faraday’s law of electromagnetic inflection where the magnetic flux changes
between the movement of the magnet and coil. The configuration of the membrane is
attached to the piezoelectric material and the movement is a result of the acoustic wave
[19].

Thermoelectric utilizes heat energy to convert the temperature differences into
electric voltage from materials with high electrical conductivity. The conversion
efficiency is significantly lower at a rate of 5 to 15% conversions in an ideal setting [9].

This research analyzes three particular methods to explore for energy harvesting
that consists of piezoelectric, electrostatic, and electromagnetic applications. The study
outlined specifically focuses on the piezoelectric method and observes its configurations
relative to the output performance. The piezoelectric element when under particular

amounts of stress or deformation converts the mechanical strain into electrical energy.



The harvesting aspect captures the energy and is an attractive alternative to battery-
operated systems [4]. Harvesting and energy storage inherently have many challenges to
ensure that enough power is produced for the application. It is classified under two main
sources:

Ambient Sources:

These sources naturally exist within the environment without any external

influences such as solar, wind, and light.

Artificial Sources:

The other type consists of energy derived as a result from external sources such as

human motion or a mechanical system is considered artificial. For example, the

oscillations of vibration exist in a variety of mechanical systems, such as a bike,

train, or rotor of a wind generator to name a few examples.
2.2 Electrostatic Energy Harvester

An electrostatic energy harvester is dependent on the change in capacitance
within the element. The structure of the variable capacitor generates charge as vibration
separates the two plates. The distance between the two plates are either air, or some
dielectric material. The device implementation is more appropriate to implement for
small scale energy harvesters. However, one drawback of this method is in order to
generate an electric field, an external voltage source needs to be applied into the system
architecture [4].
2.3 Electromagnetic Energy Harvesting

Whenever current flows through a conductor it produces a magnetic field and the

change in the magnetic field will result in an electric current. It is important to understand



the fundamental principles of electromagnetism with the relation of external vibrations.

Faraday’s law states the link between the time varying magnetic flux and voltage induced

in the circuit are proportional. Therefore, if there is a closed loop within the conductor, a

current is induced. The electromagnetic energy transducer harnesses external vibrations

and converts this energy flow into electromagnetic induction.
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Figure 1: Hierarchy of energy harvesting

2.4 Applications of Energy Harvesting

Energy harvesting is a promising technological advancement that maintains the

ability to extend battery life duration as a sustainable alternative. There are many

environmental concerns as batteries require periodic replacement or disposal.

Batteries are usually composed of a cathode (positive electrode), anode (negative

electrode) and an electrolyte that serves as a conductor placed between the two [3]. As



the cell charges and discharges, ions will freely pass between the cathode and anode. For
example, during the discharge process, the anode loses electrons as a result of oxidation,
but the cathode for simplicity gains those electrons. The electrons create the current flow

within a circuit.

o ®) —_— < B
@
D
Electron Flow
@
® ® g
» Current Flow catho(:le+

Electrolyte

Figure 2: Flow of ions in a rechargeable battery [6]

The concept of a rechargeable battery, or secondary cell, was introduced in 1859
by Gaston Plante, a French physicist. Once this concept was further expanded upon, it
became commercially available in 1970 [3]. Most plug-in hybrid electric vehicles (HEVs)
and all electric vehicles (EVs) use lithium-ion batteries while the hybrid electric vehicles
use Nickel. Recharging a battery can take anywhere from minutes to hours depending on
the application, but if charged incorrectly can damage the battery if it reaches max
thermal capacity. All batteries have an end to their lifecycle for each charge they lose

capacity.



Tire Pressure Monitoring Systems (TPMS)

In the automotive industry, batteries are often used in innovative electric vehicles
as well as other important applications such as Tire Pressure Monitoring Systems
(TPMS). Car tire monitoring is an important safety feature in any vehicle, and strongly
improves the reliability of tire as well as the tire control systems. Development of TPMS
is imperative to ensure such safety. More sensors are implemented in remote locations
and are often difficult to access.

A typical TPMS system consists of a battery dependent wireless sensor either
mounted on the rim, embedded inside, or glued onto the tire, and then contains a remote
receiver to collect sensor data. The data collected notifies the driver of low-pressure or
potential tire leakage regardless of the TPMS configuration [25].

TPMS valve stems can be mounted several ways with the easiest being on the
exterior of the wheel, but it can also be mounted on the inside. If on the interior the tire
must be taken off to gain access to the valve stem and sensors. Innovative conceptual
designs outline vibrations from the rotating tire and harvesting that energy to extend the
battery life of the TPMS sensor or eliminate it completely with placement of piezo
components on the inner liner of a tire [30].

Automotive companies can avoid liability issues with a battery-less solution.
Batteries normally last 5 years, but in the instance of failure the automotive company can
be held liable for repair costs as well as injury since the customer no longer has that
safety feature. The flexibility of piezoelectric elements seems suitable for the intelligent

tire applications to improve safety/reliability of TPMS systems.



Wearable Technology

Other applications explored consist of wearable electronics with increasing
interests in the health and fitness industries to monitor athletic performance. This
particular area of research explores the low-power conversion of potential human motion
energy to implement into self-powered sensors. Modern day applications in wearable

technology suffer developmental challenges [12].

Environmental Impacts

The lithium-ion battery is created from the extraction of toxic, rare earth elements.
This particular battery is the primary source in electric vehicle production, but the
limitations regarding cost and energy density hinder its competition with an internal
combustion engine car. While difficult to compare the two vehicles, electric cars
demonstrated a positive environmental impact as they generate less pollutants than that of
the average car vehicle by roughly 50% [11]. However, the resources required to source
the materials to produce such batteries have a large environmental footprint. Electric car
components are composed of lightweight materials such as aluminum or carbon fiber to
compensate for the density of the battery. Studies reaffirmed that electric vehicles
generate more toxic emissions due to the manufacturing process of obtaining raw
materials and contributes twice as much to global warming than that of a combustion

engine car [11].

When undergoing the battery at the end of the life cycle it undergoes the
decomposition process. This photochemical reaction releases CO2 emissions

undermining efforts to mitigate climate change and reduce fossil-fuel dependence [11]. In

10



addition, lithium is known when outside of the given thermal requirements to combust,
releasing toxic gas emissions. The recent venture on environmentally friendly sources of
energy opened new doors as piezoelectricity is a valid alternative method to conventional
means as it recycles wasted energy. Harvesters have the potential to mitigate the issues
associated with batteries including the lifespan, size, and environmental pollution from

manufacturing that product [25].

11



Chapter 3 Piezoelectricity

3.1 Piezoelectric Effect

The piezoelectric effect was demonstrated by brothers Jacque Curie in the late
1800s. The correlation between mechanical stress and electric charge were explored by
Antoine Becquerel, but this research was inclusive. The Curie brothers successfully
experimented between the mechanical and electrical reactions in crystal materials. They
verified their suspicions comparing several materials including quartz, topaz, and
tourmaline to name a few. Upon completion of this study, the Curie brothers concluded
the mechanical strain on the crystal does indeed result in electric potential. Besides that,
they were able to demonstrate the importance of the crystalline orientation to create
electrical charge from the mechanical strain. Later, other scientists verified the inverse of

this to be true from applying an electric charge to a crystalline structure [21].

The crystal lattice is fundamental to the piezoelectric process in which the
material experiences a mechanical force and convert this stress into electric charge [22].
There is a polarization induced across the material. The crystal structure generally has
charge balances, where negative and positive charges are separated, but cancel each other
out so that the overall charge is neutral [28]. Applying physical strain to the material it

will disrupt the charge balance as the crystal lattice deforms, creating electrical charge.

The dipole polarization from the field depends on the orientation and applied stress.
This will be further discussed in a later section. As a consequence of this discovery,
revolutionary opportunities exist to innovate current technological advancement from the

phenomenon of piezoelectricity.

12



3.1.1 Direct vs Indirect Piezoelectric Effect

The direct piezoelectric effect is defined as the mechanical strain imposed
resulting in an electric charge. The indirect piezoelectric effect is the inverse when an
electric field is applied to the same materials, that it becomes mechanically strained

[22].

Applied force
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Figure 3: Direct Polarization
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Figure 4: Indirect Polarization
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3.2 Piezoelectric Constitutive Equations

The piezoelectric constitutive equations below relate the material of the
piezoelectric to the material's stress (T), strain (S), charge-density displacement (D), and

electric field (E) interact [21][29][25].

The Linear behavior of the piezoelectric behavior can be defined as:

D = ¢F - Di = gijE] (321)

Where the electric flux density is defined as D. Maxwell equations define that

relationship with the electric field as V-D=0,VxE =0. (3.2.2)

Hooke’s law relates the Strain and Stress (T) relationships for linear materials:

S = sT - Sl] = Sl'jle]kl (333)

This is given in equation 2.1

14



(g) - (i ﬁ) (&) (3.2.4)

Equation 2.1 can be further simplified to derive the indirect and direct piezoelectric

effects:

S = SET + dtE = SU = Sijle]kl + dkijEK (325)

D =dT + ET E. - Di = dijkT]k + gijEj (326)
Where Epsilon is the permittivity (free body dielectric constant)
£= &¢&, (3.2.7)

€0 is the permittivity of free space and expressed as:

g, = 8.854 x 10" 2Farad /meter

Piezoelectric coefficients can be defined as outlined below. The first set correlates
with the direct effect while the second set of terms correspond to the indirect effect. The
relationships from the two equations above contribute to the following relationships
among the parameters below. Where d is the charge developed divided by the stress
applied, g is the electric field divided by the applied stress, h is the strain divided by the

electric field, and e is the stress developed divided by the electric field.

E
dabD;
d.. ey —_—
U dT

E S
— (4bi — (%
e, = (dsj) = (dEi) (3.2.9)

= (Z—Z)T(3.2.8)

15



D T
dE; _ ds;
9 = —(d—r,) = (&) 6210
D S
dE; _ drT ;
hy = _(_dsj) - —(—dei) (3.2.11)

These equations are combined into four coupled equations relating the voltage, charge,

stress, and strain relationships.

Strain- Charge Form:
S=sET +dtE (3.2.12)

D=dT+¢TE (3.2.13)

Strain-Voltage Form:

S = sPT + gtD (3.2.14)

E= —gT + TV D (3.2.15)

Stress-Charge Form:

T = cES — e'E (3.2.16)

D =eS+&eSE (3.2.17)

Stress-Voltage Form:

T =cPS—q'E (3.2.18)

E= —qS+¢&5-YD (3.2.19)

16



3.2.1 Vibration

The ultimate goal to maximize output efficiency is to match the operational
frequencies of the harvester with the resonant frequency of the piezoelectric elements.
The occurrence of vibrations is experienced in everyday life. The piezoelectric
components when exposed to an AC electric field, the piezoelectric output results in
oscillations. The resonance frequency is the frequency that most efficiently converts the
mechanical energy into electrical energy and vibrates most readily. The minimum
impedance frequency f,, occurs at the resonance frequency f; . The minimum impedance
frequency is equivalent to the resonance frequency, f,..The frequency at maximum

impedance, f,, is also known as the anti-resonance frequency f, [26].

Impedance

. 5

fm

—>
Frequency

Figure 6. Frequency response with respect to changing impedance
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These frequency values can be used to calculate the electromechanical coupling
factor, k, later discussed in Chapter 3. It was discovered that many piezoelectric devices
in practical applications are used below the resonant frequencies to reduce the phase shift
between the signal and actuator. To calculate the resonant frequency of a traditional
cantilever piezoelectric energy harvester with a small damping effect use the following

equation:

fo=— |-=
07 2n Meff

(3.1)

Where the resonant frequency is defined as f, without load in Hertz. The stiffness of the
piezoelectric is kr and the mass of the device is m,sr [19]. The resonance frequency
depends on several factors that will be discussed in later chapters. In the instance there is
a load attached to the piezoelectric, it will result in a reduction in the frequency. If the

device does not have an attached load, the equation is altered.

Piezo elements can also be regarded as a parallel plate capacitor when operated
below the resonant frequencies. Parallel plate capacitors are defined to be a layering of
dielectric materials between two plates separated by a distance d [Worthington]. Q is
charge, area of the plate is A, D is the charge density, d is the distance between plates and

E is the permittivity.

-9 - _Q
D=~ (3.2) D=-- (3.3)
The total electric field between the two plates is derived as:

18



E=2-2=0 (34 E=2=2 (3.5)

280 280 &o ASO

The potential difference between plates is:
V =Ed (3.6)
Substituting Equation 10 into 9 the voltage is now characterized as:

v=237

Agg

The amount of charge a capacitor can store is given by the equation:
Q = CxV (3.8)

The capacitance of the parallel plate capacitor:

c=2= 4%

L= 20339

From Equation 3.9, the relationship between the applied force is shown to be
directly proportional to the voltage. The voltage is maintained in the poling direction.
Whenever the stress is mitigated, the material will expand, and the charge is now in the
opposite direction. Equations 3.6 to 3.9 provide calculations for the accumulated charge,

voltage produced, and total energy from the applied stress.

3.3 Fundamental Modes of Operation
3.3.1 Charge Constant

As previously mentioned, the stress applied results in movement of the dipoles
and direction known as polarization. The two main modes of operation are categorized
based on the orientation of the dipoles under two main modes of operation d31 and d33.
The electric field (dipole polarization 3) is perpendicular to the applied stress (1) in the
d31 mode. In stark contrast, the opposite is true of the d33 mode in which both the

applied stress and electric field are within the same direction. The directions of X, Y, and

19



Z are represented with the subscripts 1, 2, or 3. Please see the figure below to illustrate

this orientation [30].
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Figure 7: Modes of Operation
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Figure 8: Axis Direction
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Equations:

d = kVSEeT (3.3.1)
d3; = k31 SE11€T33 (3.3.2)
d3z = k33 SE33eT33 (3.3.3)

The piezoelectric constitutive equations outlined the variable parameters without
the meaning behind the directions. Elastic compliance, s is the strain received from the
amount of forced applied. SE the stress in the direction. For the above, S, is the
perpendicular directions from the polarized ceramic component for the stress and strain.
SE . indicates the strain is polarized were both the stress and electric field are along

direction 3. £ 55 is the permittivity value of the dielectric in direction 3 [18].

3.3.2 Voltage Constant

The subscript (g) is the piezoelectric voltage constant is achieved from the applied
mechanical stress experienced by the piezoelectric component per unit of electrical
charge displacement. The directions are maintained similarly as in the charge constant
where directions X,Y, and Z are notated with subscripts 1, 2, and 3. The voltage constant
is described as the piezoelectric charge constant (d33 or d31) divided by the dielectric

constant of the material [18].

Equations:
g= § (3.3.4)
g =7 639
gu= 7 (39

33

21



3.3.3 Electromechanical Coupling Factor k

The coupling factor, k;; is defined as the measurement and effectiveness from the

conversion of mechanical strain into electrical charge. This particular subscript refers to a

one-dimensional geometry on the element, while k. is for any orientation. The

following equations explain the calculation to obtain this value for different material

parameters.
Coupling Frequencies Formula Equation #
Factor Mode
(k)
ks Static/Low d312 (3.3.7)
SF11€T33
kpz Static/Low 2d312 (3.3.8)
(SE11+ SE12)€T33
k3s” Static/Low _ d33? (3.3.9)
SEz3eT 33
2 ; m\(fn ™\ fn—fm
ka1 High G2 an| ()2 (3.3.10)
m\(fn ™\fn—fm
1+ (3) (m) tan[(E)T
kp High =\/[(2.51 fn—fm) ~ (fn—fm)z] (3.3.11)
fn fn
27 \fm 27 fa
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2 2 2
Kefs Any shape B (fn — fn ) (3.3.13)
- 2

fn

Table 1: Coupling Factor Equations
The coupling factor k35 is parallel to the polarized piezoelectric element in
direction 3 and the vibrations oscillate in the same direction. The other subscript
k3, denotes the vibrations are perpendicular to the polarized component and travel in
direction 1. These values for k are calculated from the frequencies f,,, (minimum
impedance) and f,, (maximum impedance). The relationship between those variables are

demonstrated in Table x for higher frequencies [18][23].

3.4 Configuration of Piezoelectric Energy Harvesters

Bimorph or unimorph cantilever

The configuration of the piezoelectric components and materials impacts the design
performance. The resonant frequency is when the natural vibration frequency of the
system matches that of the applied frequency of oscillation as described earlier. The
frequency varies depending on the material, size, and structure type of the piezo. It is
often difficult to match the resonance frequency with that of the system due to varying
conditions and complex parameters that must be taken into consideration. The cantilever
beam consists of different piezoelectric layers or materials as well as an elastic layer
usually. There are structurally many diverse layer types [30][29].

The cantilever beam piezoelectric primarily has three different configurations,

unimorph, bimorph and parallel series.
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Figure 9: Piezoelectric Configurations a.) Unimorph b.) Bimorph

The unimorph is easily fabricated using the lead zirconate titanate (PZT) and
polyvinylidene fluoride (PVDF). It only has one piezoelectric layer on the substrate.
Since there is only one piezoelectric layer the output is significantly lower than that of a
bimorph.

The bimorph cantilever-type vibration energy harvester contains an elastic layer
that is placed in between two piezoelectric layers. The bimorph configuration maintains a
neutral axis in the center of the device without regard to the component’s material or
dimensions. Research indicated the increase in the film thickness resulted in increasing
the distance between this neutral axis and piezoelectric film layer. Therefore, the amount
of deflection experienced from the strain received will generate a power increase. This
finding indicates the performance of a bimorph type is significantly more efficient
compared to the unimorph type [27].The structure is meant in the bimorph to obtain
tension in the top layer while the bottom is compressed in order for there to be more
flexibility in the bending mode provided the bimorph is operating as a 31- mode
cantilever. This can have multiple layers and the direction of the dipoles is defined as
parallel or series polling. The poled piezo, meaning the orientation to their polarity with
respect to the charge constant. Therefore, in different axis configurations, the mechanical

stress forces are different [1].
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The last type is that of the multiple layer configurations of the piezoelectric which
consist of multiple different structure styles that do not fit in either the unimorph or
bimorph category.

The key factor in energy harvesting from vibration to ensure the vibration
frequency matches that of resonant frequency for maximum power transfer. It is proven
when the two are mismatched that the power efficiency decreases [20] Often the
geometry of the film configuration correlates to the strain distribution across the element.
The cantilever rectangular beams are well explored. The bending of the cantilever occurs
one end of the device and not the other. Therefore, non-bent end does not contribute to
power generation. A cantilever beam like many other geometries experience different
modes of vibration, but the lowest resonant frequency is experienced in the first mode of

vibration. This provides a higher electrical output as it has more deflection.

Experimental studies are in favor of a triangular shaped cantilever as it distributes
a strain that is considered proportional across the cantilever. The linear distribution of

strain over the length of the triangular cantilever proves to be a more reliable option [30].

The triangular geometry improved a power output gain of 30% over the
rectangular counterparts [20]. It was found the beam shape has little impact on efficiency,
but it needs to be factored into the excitation strength received. The material thickness
proposed by Paquin indicated a slope angle of a tapered beam increases the power output

four times more than if sloped at a lower angle.

3.5 Configuration of the element & materials

3.5.1 Single Crystals
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The piezoelectric materials can be classified as single crystal, piezoceramics, thin
film piezoelectric, composites, and polymers. The spontaneously polarized, naturally
occurring materials like quartz, lithium niobate, lithium tantalite, and tourmaline are
single crystals [24][30]. Multiple configurations exist for crystal and the direction in
which the dipole is polarized. The single crystals usually vary in magnitude based on the

material form and are most commonly used in acoustic sound applications.

3.5.2 Polymers

One of the most popular polymers is the Polyvinylidene difluoride (PVDF) as a
result of its large observed output from the placement under a strong electric field. The
poling direction mode d33 is a negative value indicating the material will not expand, but

rather compress [30].

3.5.3 Ceramic Materials

The most popular material used in single piezoelectric is the PMT-PT type (lead
magnesium niobate and lead titanate) and PZT (lead zirconate titanate). The structural
analysis of the design is a simple cubic symmetry within the lattice crystal [25][30].
These two material types consist mostly of ceramics and single crystals are a part of the

subgroup of piezoelectric components known as “ferroelectrics.”

Tian found in that piezoelectric single crystals and ceramics have a higher
mechanical to electrical conversion compared to piezoelectric polymers. The constitutive
equations referenced indicate the direction of polarization, coupling factor k, and E

permittivity. Piezoceramics are manufactured after heating the powder to a high
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temperature. PZT, a type of ceramic, has the properties to withstand high critical

temperature also known as the Curie temperature. This particular material was modified

in chemical composition by altering it to PZT-5H, PZT5-A, PZT-4, and PZT-8 [30].

The table below outlines the significant value difference between

crystals/ceramics and polymers confirming the conclusion these composites have better

properties [17][30]. One reason for this is because they can withstand a greater

mechanical strain as a result of the flexibility. This makes that particular material type

well suited for applications that require more bending of the piezoelectric device. The

ceramic materials in the table outline the brittle nature and may not be suitable for

harsher environments that require more flexibility. For example, tires often experience

significant vibrations, mechanical stress, and deformation. A thinner more flexible

piezoelectric is required to withstand the environment.

PZT-4 BaTiO PZT-5A | PVDF PMN- PZT-8 | PMN-
PT 33%PT
431 -85 -78 -171 -23 -920 -97 -1,400
433 225 149 374 33 2200 225 2,400
-7.5 5 -11.4 216 -17.1 -11 243
g31
(10"3
Vm/N)
8.5 14.1 24.8 330 44 25.4 41.7
g33
K33 7 0.48 1 0.15 .93 .64 .93
Curie 328 115 365 100 145 300 145
Temp
(degrees
©)
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Table 2: Report of Piezoelectric Materials & Applications [30]

This table outlines the properties of several piezoelectric materials and
characterizes their properties. Piezoelectric components of varying material
configurations experienced thermal testing in extreme environments with temperature

ranges from -150C to 250C [10].

3.6 Piezoelectric Energy Conversion Efficiency

Piezoelectric vy Bridge DX Voltage DC to DC Storage Load
Component Rectifier Converter ——  Capacitor — Application
Circuit

Figure 10: Block diagram of an energy harvesting application

Studies indicate the importance of overcoming conversion limitations. For low
power applications the electrical conversion of AC to DC is needed prior to using this
harvested energy and ensuring optimal efficiency during the conversion. Piezoelectric
elements produce AC voltage and most applications, like an LED needs a DC current.
This conversion can be done implementing a bridge rectifier circuit. To verify the
conversion is properly taking place, an oscilloscope will be used to visually see the
change between AC and DC. It is possible a single rectifier could be used for that

conversion. The diode can respond differently to applied voltages of opposite polarities.

Ottman studied the use of a DC to DC converter to optimize the vibrating

piezoelectric device. It was concluded the energy harvested amounted to a total of 30.66
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mW [17]. The use of the DC to DC converter will amplify the output current and reduce
the voltage. Liu conducted a similar experimental study of a 70% efficiency conversion
using a quasilinear impedance adaptation technique. The power delivered a 12.3 mW

output and harvested power of 3.2 mW [15].

The next step is to use a large capacitor to filter out most of the unwanted noise in
the signal. Since the diode does not allow current to flow back through to the transformer,
the capacitor discharges through the load resistor with a time constant. Several studies
explored adaptive control measures to characterize power lose and provide solutions to

improve the conversion from impedance matching.

b2

L]
= m
o

Dbreak

VOFF= .
VAMPL= .Y
FREQ=

AC:=

(9]

C4

Dhrezk

c.,,”__ e
A——

a.) Piezoelectric Component b.) Bridge Rectifier ~ c.) Capacitor d.) Load

Figure 11: Electrical Schematic of the Energy Harvesting Diagram

The principle of impedance matching is characterized as taking the input
electrical load or the source and matching the value to the load to obtain the condition of
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maximum power transfer. Ottman explored the above circuitry diagram utilizing a DC-
DC converter to match vibration-based piezoelectric devices. The research states the
difference of this device as the internal impedance is capacitive in stark contrast to other
variations being inductive. This study concluded the output voltage was at a maximum
value whenever the bridge rectifier circuit is slightly less than one-half of the open-circuit
voltage of the generator. The point of optimal power was tracked at several points of
frequency excitation and varying the resistive load. The study concluded with an open
circuit voltage of 45.8V, the max current found was at 4.3mA[ 17]. The range of the
current above 4mA was whenever the duty cycle remained between 2.5-4.5%
[OTTMAN]. One experiment consisted using an adaptive controller to adjust the
resonance frequency with respect to the load to reduce power conversion loss.

Liu conducted a similar experimental study of a 70% efficiency conversion using

a quasilinear impedance adaptation technique [15].

Chapter 4 Methodology
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4.1 Initial Investigations

Energy harvesting research aims at increasing the efficiency from wasted sources.
Mechanical energy conversions from vibrations are easily fabricated from human motion,
vehicles, roadways, pumps, and other structures. Modification of the resonance behavior
in previous research indicated better output power performance and improved bandwidth
of vibration energy harvesters. The energy density equation will generate a larger power

output if the values for the strain constant d, and voltage constant g, will be higher.

4.1.1 Lab EquipmentF

1.) Oscilloscope is a type of electronic test instrument with a graphical user
interface to display voltage signals as a function of time. Often used to analyze
the output from the waveform include the frequency, period, amplitude, and

signal distortion.

2.) Vibration Generator U8556001 — set the frequency of the signal.

3.) Function Waveform Generation (Keysight 33600A)

4.) LCR Meter (Keysight U1733C)

5.) Locked-In Amplifier

6.) Resistor Decade Box

4.1.2 Piezoelectric Elements
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Figure 12: Piezoelectric Components SEN 10293

The piezoelectric elements above are the SEN-10293 piezo film from Sparkfun
and the plate material is brass. The documentation specifies the dimensions of the plate
size to be 12 mm, with a thickness of .22 mm .and maintains a resonance frequency at
9kHz [23]. The unimorph configuration indicates the single layer of substrate across the
device, but the two vary in size. The documentation for this widely produced and
popular item is listed to generate Another type of piezoelectric was reviewed in the
bimorph configuration, but with a rectangular geometry manufactured by Mouser
Electronics. The thickness is of the component is 0.46mm. The dimensions for the device

are at a length of 55.4 mm, a width of 23.4 mm and the resonance frequency is at 130 Hz

[8].
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Figure 13: Piezoelectric device S118-J1SS-1808YB
The manufacturing specification sheets indicate the performance output voltage to
reach 17.3 V and power at 4.4 mW [8]. This piezoelectric model encapsulates piezo

ceramics between copper materials for a robust and electrically insulated solution.

These piezoelectric cantilevers were individually examined with an LCR meter
when pressed. The table below demonstrates the performance of each device

individually.
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Piezo Component Parts Voltage Measured Current Measured
(individual) (individual)
Part #
S$118-J15S-1808YB
Piezoelectric Bender
9.6V 6.38 mA
SEN- 10293
l Smaller Piezo
2.4V 1.6 mA
Larger Piezo
8V .00532 A

Table 3: Piezoelectric Voltage Output

The LCR meter is another important piece of electrical test equipment used to

electrical charge.

34

measure the inductance, capacitance, resistance, and impedance of the piezo component
at varying frequencies. Measurements were taken to classify the device under test and
understand the characters of the component as a function of frequency. The voltage drop
across the piezo component divided by the current is the electrical impedance. As
previously stated, this is important to distinguish the resonances of the vibration to excite
the electrical charge response output from the component. The EMF voltage is
proportional across the crystal material. The resonance frequency is the frequency at

which the material vibrates and most efficiently converts the mechanical strain to




Large Piezo Parallel

Small Piezo Parallel

Large Piezo Series

Small Piezo Series

Frequency (Hertz) L (Hertz) C (nF) R (Ohm) Z (kOhm)
100 -36.5 69.31 1000.1 23
120 -25.28 68.69 840.8 19.286
1000 -.000386 65.43 134.48 3.429
10000( -0.000004578 55.22 19.26 0.288
100000 5.83E-06 -432.2 15.06 0.01534
Frequency (Hertz) L (Hertz) C (nF) R (Ohm) Z (kOhm)
100 -72.66 34.66 840 2.77
120 -50.31 34.59 710 2.61
1000 -0.0007447 33.92 102.57 2.822
10000( -0.000009992 24,98 20.66 2.838 kOhm
100000 -0.0000789 322 1.686 2.87 kOhm
Frequency (Hertz) L (Hertz) C (nF) R (Ohm) Z (kOhm)
100 -497.1 5.107 *.01538 3121
120 -344.2 5.039 0.01276 260.4
1000 -5.263 4.79 1523 33.08
10000/ -0.00006074 4.157 189 3.807
100000 0.0000825 5.968 109 121.588
Frequency (Hertz) L (Hertz) C (nF) R (Ohm) Z (kOhm)
100 -1147.3 2.194 14.062 kKOhm 727.5
120 -794.2 2.1887 11.572 kOhm 605.3
1000 -11.742 2.146 1785.6 Ohm 74.25
10000/ -0.00015464 1.652 387.2 Ohm 9.71
100000 -0.0012593 2.015 9.632 Ohm 0.7906

Table 4: LCR Measurements for the inductance, capacitance, resistance, and

impedance

Table 4 displays the measured output results from the LCR meter at varying

frequencies without any applied strain.

4.1.3 LED Verification:

The produced voltage is proportional to the amount of pressure applied to the

piezoelectric element. There is a threshold value where the LED will change its state

from low to high. The piezoelectric component performance as a power generator can be

determined by taking measurements of the charging and discharging cycle in the output

capacitor in the energy harvesting schematic.




p— (.1,1
R :

Figure 14: Equivalent circuit of a piezoelectric element

The unimorph piezoelectric elements have considerable limitations in the output
power produced and when connected directly to the LED, it would not flash. For the
bimorph industrial size piezoelectric bender this was feasible as the direct energy supply
to the LED. Therefore, in instances where not enough power is produced, it must be
harvested and stored before delivering enough to the LED to change the state of the

device.
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The power required by the LED in normal operating conditions requires at least
20 mW of power [29]. In order to increase the power transferred to the LED, more than
one piezoelectric bender could be used to raise the harvested power. This can be
connected in various combinations like being wired in series, parallel, or a mixture of
both series and parallel. This thesis is expanding on the previous works described in
[14][15][29][30] and investigates the parallel and series configurations of multiple

piezoelectric benders.

Other research based on piezoelectric energying harvesting from vibration using

the piezoelectric device as a power generator. There is considerable evidence with
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connecting multiple piezoelectric cantilevers to improve power performance output when

connected in alternating polarities.

4.2 Experimental Setup

The experimental setup is as follows for the piezoelectric device (SEN-10923)
from spark fun [23]. The dimensions of the cantilever are shown in the figure. A
vibration shaker was used in connection with the oscilloscope to measure the output of
the device. A lock in amplifier was added to reduce signal noise by extracting the carrier
wave signal from the environment. The vibration table is representative of ambient

sources in the environment and is set over a wide range of frequencies.

Figure 16: lllustration of experimental setup
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Figure 17: Block Diagram of setup

The sync function on the oscilloscope is connected to the reference bnc connector on the
Locked-In amplifier. The amplifier Channel 1 is connected to the oscilloscope while the

aux A/l is connected to the piezoelectric configurations.

In order to determine the maximum power of the piezoelectric arrays, the
experiment replaces the single device with four of the same components connected in two
different wiring configurations as shown in Figure x. The output responses of the device

are recorded and investigated.

The intervals of the frequency ranged incrementally from 100 Hz to 100 kHz and

the response of the output voltage was recorded.

39



Device 1

i Device 2

(i) Device 3

i Device 4
(a) Series

@ Device 1 @ Device 2 @ Device 3 @ Device 4

(b) Parallel

Figure 18: Piezoelectric configurations for (a) Series and (b) Parallel

connections

Now using the same setup with a resistor decade box, the frequency is set to that

of the resonant frequency of the device.
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Figure 19: Illustration of the second experiment
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Oscilloscope Function Generator

Lock-In Amplifier - Load Resistance

Piezoelectrl'c Device

Vibration

Figure 20: Block Diagram of experiment 2

Keeping the frequency consistent at the resonance of the individual piezoelectric
device in the parallel configurations indicate an increasing sweep upwards. Once the load
resistance is matched at 1200 kOhms the curve begins to saturate at a higher load
resistance value. The small parallel piezo produced a maximum voltage of 9V peak to
peak. While the larger piezoelectric connected in the same configuration produced a
voltage of 6.13V peak to peak. The series connections produced a voltage peak for the
smaller component at 10,.13 while the larger device reached a peak of roughly 8V as

demonstrated in Figure 24 and Figure 25.
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Figure 21: Output Voltage Response vs Load Resistance (Parallel Configuration)
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Figure 22: Output Voltage Response vs Load Resistance (Series Configuration)
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Figure 23: Output Power vs Resistance Load (Parallel Configuration)
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Figure 24: Output Power vs Resistance Load (Series Configuration)

For Figures 21-24, the frequency remained at 9kHz the resonance frequency of

the piezoelectric components.
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4.3 Results

The results obtained in the experiment were an attempt to investigate the voltage
output change with respect to the configurations. Higher voltage levels are obtained from
the piezoelectric components wired in series while a higher power output is generated
from the parallel configuration. Based on the results outlined the max peak power is at
the load resistance. For the parallel configurations the max output power was 21.34 mW
(Large) and 40.31 mW (Small) respectively. While the series configurations were at 26.3
mW for small piezoelectric components and 12.67 mW. This is demonstrated in Figures
26 & 27. The max power will decrease as the current drops in the series connection. This
is a result of the coupling factor from the piezoelectric device. To obtain a higher output
power the piezoelectric constant and coupling factor needs to be improved. The charge
accumulated from the direct piezoelectric effect will travel through another piezoelectric
component as nothing is storing it when it is connected. Thus, one cannot assume the way

to improve output power performance is from connecting more devices.
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Chapter S Conclusion

5.1 Final Remarks

Piezoelectric components are a great selection as a power generator from both
ambient and artificial sources that can be used for energy harvesting systems. Three
methods of energy harvesting were analyzed and explored for energy harvesting. These
methods consisted of piezoelectric, electrostatic, and electromagnetic applications. The
scope of this researched is limited to piezoelectricity and vibration as the main source of
excitation since it naturally exists in the environment. The excitation will generate power
that can be used for small low power devices. In some applications, the power is
harvested and stored into a capacitor until there is enough power to discharge for the

application.

The connections of the piezoelectric device are extremely important to enhance
the output power result. There are several factors to take into consideration in addition to
the material type, geometry of the piezoelectric, and the amount of force applied. The
direction of the applied force exists in multiple mode configurations that orient the
dipoles in a particular direction. It was found the d33 mode configuration in previous
research highlighted the increase in voltage performance. Additionally, the material
layers of the bimorph indicated a higher voltage output compared to the unimorph

counterpart.

It is difficult to classify and characterize some of the experimental data obtained
from other studies in part because many are constructed in various shapes, size, materials,
and the mode of operation that is applied. Therefore, with more variable parameters it is
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viable to see data in other literature reviews to vary. The company does not provide the
exact material in the data sheets, thus making it harder to classify the piezoelectric
performance. The power output shares no relationship with the volume size. In addition,
energy harvester performance does not only rely on the conversion efficiency and power
output. Analyzing results from similar geometrical but different material backgrounds
indicate efficiency to be over 80% while other studies concluded that number to be less
than 1%. Similarly, power output performance is not the only thing researchers want to
pursue. If a universal standard was adopted, it would be considerably easier to classify

these components.

This analysis is based on the consideration of the balance of charges, energy and
electromechanical dynamics. In addition, the results are explained by the equivalent
impedance approach. It shows a key difference in the analysis between series connection
and parallel connection of multiple piezoelectric components. A unimorph device of two
different size configurations were reviewed. The results discussed in Chapter 4 are
similar to what was concluded in other forms of research. There are some discrepancies
in the data and to improve the accuracy of the data, below are suggestions for further

research.

These remarks to discuss the energy harvesting capabilities suggests others to
review on the shelf piezoelectric devices instead of fabricating simulations. It may be
easier to classify similar data if more experimentation was conducted on those particular
pieces. Although this particular topic is extensively studied, there is still a considerable

discrepancy between the expected performance and that of the achieved output.
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Additionally, since this is an analysis of vibration, there are external vibration
sources that contribute to the output on the oscilloscope. Vibrations naturally exist in the
floor, wall, ceiling, and other room acoustics have a huge impact on the measurements.
For future recommendation, it may be more efficient and accurate if data is obtained if

the device under test is in an anechoic chamber.

In conclusion, the results expected were relatively close to what the theoretical
results were to be from previous studies. However, discrepancies in data are a result from
a non-uniform or universal standard. Overall, it is proven to have a substantial power

performance difference with the parallel configuration compared to the series connection.
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