
1

An Investigation of the use of 
Piezoceramics in an Energy Harvesting 

Flooring System as a Source of 
Alternative Energy

Andrew Stone Cifala

Mathematics-Engineering 

Carroll College

Thesis

CORETTE LIBRARY 
CARROLL COLLEGE



This thesis for honors recognition has been approved for the

Department of. /7a

Reader Date



2

Abstract

The future and success of our country and economy are contingent on energy
independence. This has sparked an interest in research concerning new and innovative 
forms of alternative energy production. With this new wave of modernization in the 
power industry come opportunities for creativity in the utilization of reliable and 
inexhaustible sources in order to provide usable energy. One of these new forms of 
alternative energy is the use of the piezoelectric effect in man-made materials in the form 
of ceramics. This study describes the exploration and testing of the use of mechanical 
energy to produce functional electricity. In my research, I investigate the efficacy of 
piezoceramic materials, particularly lead zirconate titanate, installed in a flooring system 
to create a voltage provided from the mechanical stress supplied by human footsteps- a 
procurable and costless mechanical application. These materials, when subjected to a 
force in the form of an impulse, generate an electric field, and thus a voltage.
Throughout this exploration, I examine the effectiveness of a new form of alternative 
energy production through the use of these materials utilizing a variety of different 
positioning techniques, wiring schemes, force applications, electrical harvesting methods 
and accompanying materials.
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Introduction;

Discovery:

The phenomenon known as the Piezoelectric Effect was discovered by Pierre and 

Jacques Curie in 1880 [6], Pierre Curie was a Frenchman renowned as a recipient of the 

Nobel Prize in Physics in 1903 which he received just three years before his death. 

During a series of experiments, the two men noticed and confirmed that certain crystals 

could become electrically polarized with the application of a mechanical force.

The Piezoelectric Effect earned its name from the Greek root word piezein 

meaning to press or to squeeze [9]. As the Curie brothers discovered, the crystals

involved in the Piezoelectric Effect cause this effect with any change in shape. 

Additionally, the materials also have an inverse effect, consequently called the Inverse 

Piezoelectric Effect, in which an applied voltage causes a change in shape.

Piezoelectric Materials:

Studies and experiments show that materials with piezoelectric characteristics are 

not limited to just “certain crystals” as the Curie brothers had presumed. Piezoelectric 

materials can range from variations in quartz to man-made ceramics and polyvinyl [8]. 

Below is a list of different piezoelectric materials and their make-up:
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CRYSTALS
Quartz Berlanite Gallium Orthophosphate Tourmaline

SiO2 AIPO4 GaPO4 Varies in Chemical Make-up

CERAMICS
Barium Titanate Lead Zirconate Titanate ( PZT)

BaTiO3 (Make-up Varies) PbZra52Ti04SO3
(highlighted signifies material used in my study)

OTHER MATERIALS
Zinc Oxide Aluminum Nitride Polyvinylidene Flouride

ZnO AIN PVDF
[8]

TABLE 1

There are many more piezoelectric materials, all with diverse properties, other than those 

listed here; however, these are the most common. All of these materials vary in many 

different ways, and therefore, the following research will be focused on lead zirconate 

titanate, or more commonly known as PZT, derived from its chemical formula PbZrTi.

Lead Zirconate Titanate (PZT): Piezoceramic in Use:

As stated in the table above, the chemical make-up of the lead zirconate titanate 

varies and thus changes the piezoelectric characteristics of the material. With these 

chemical disparities, there were various factors I considered when selecting which 

particular piezoelectric material would be best suited for this experiment. Price of 

materials was also a factor as piezoceramics are relatively expensive, and for the purpose 

of this research, I chose a cost efficient supplier through EBL Products Inc. Before
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settling on a specific ceramic, I examined the electric properties of the available

materials.

EBL manufactures ten different types of lead zirconate titanates. An important 

constant that I considered during my examination of these products was the voltage

constant.

• Voltage Constant:

> This constant, more commonly referred to as the “g constant,” is a

coefficient that relates to the size of electric field created in proportion to

the force applied in newtons. There are three g constants relative to 

piezoelectric materials: g33, g31, and gi 5; however the constant of interest 

here is g33 in that it is relevant to the type of stress I will be inducing on

V *771 othe materials. All g constants are in units of— x 10_d and are 
N

calculated by the ratio of the open circuit electromagnetic field to the

applied mechanical stress [7],

The voltage constant is important because it is the main coefficient in the calculation of 

voltage produced with respect to size of material and the mechanical force applied. With 

this known, voltage can be computed as follows:

g33*F*T
SA

> V = Voltage in volts

> g33 = voltage constant

> F = mechanical force applied in newtons
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> T = thickness, in meters, of material

> SA = surface area, in meters2

I chose PZT for my experiment because it is a dense material with a high g33 

constant that would be able to withstand a reasonable amount of force without breaking. 

In addition, the particular PZT chosen is more common and therefore more affordable to 

purchase, which played a major factor in my research.

Methods:

Wire Wrap:

FIGURE 1

In this portion of my experiment, the piezoelectric effect of one piezoceramic 

piece was tested by wrapping a copper wire around the sides of the material as shown in 

the figure above. A force was then applied to the piece. However, no current was shown 

through the wire despite there being a charge on the material.

After this experimentation, I realized the pieces act somewhat similar to a 

capacitor. This means that the nickel electrode coating on the top and bottom (circular
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portions) of the material act as capacitor plates that “store” charge (as shown in FIGURE 

2). Therefore, the wire around the side would have no effect, but alternatively, if the wire 

were connected directly to the nickel portion of the pieces then a current would flow from 

the material and through the wire. This would also work if there were a conductive 

material on the top and bottom of the piezoceramic. Voltage could then be measured

through this conductive material.

[4]

FIGURE 3

PZT’s in Parallel:

FIGURE 4

Here, two sheets of pure copper sized at 16x16x1/8 inches were used to 

“sandwich” the PZT disks as shown in the FIGURE 4. The copper is in direct contact 

with the nickel electrodes on the PZT, and thus, creates a system modeled as an 

alternating current source in parallel with a capacitor. The PZT disks are oriented such 

that the top plate becomes positively charged and the bottom plate becomes negatively

charged. This implements the effect of having all of the PZT disks in parallel.
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PZT Setup:

Having purchased 19 piezoceramic disks, there were several different ways I 

could organize the pieces to ensure a stable surface while creating a significant amount of 

voltage from human footsteps. Below are the experimental arrangements:

FIGURE 5 FIGURE 6 FIGURE 7

The reason PZT placement is such a crucial aspect to this experiment is because 

the weight distribution on the platform will not be an even distribution. This means that 

if a mass is primarily centered on one side of the platform, there should be sufficient 

support provided by the material to prevent rocking and potential damage to the disks. 

Based on this knowledge, while FIGURES 5 and 6 above allow for more concentrated 

force on the disks, they also provided the least support and resulted in minor material 

damage. Thus, FIGURE 7 was chosen as the PZT configuration for the experiment.

Preliminary Testing:

Preliminary Test with PZT’s in Parallel:

This test was strictly observational and non-quantitative. The intent of this 

portion was to ensure that the piezoceramics were acting and performing as anticipated.

It was my assumption that due to the polar characteristics of PZT’s, with the compression 

of the material, electric charge would build up on the sides of the ceramic with the nickel
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coating, almost as in a capacitor. However, with the retraction of the material to its 

original size and shape, the charge, and ultimately the voltage produced from the 

compression would retreat back into the crystal, effectively nullifying the charge the PZT

had just created and acquired (shown in FIGURE 9 below).

Compression

FIGURE 8

Retraction
SI?

Unaltered

vwv

FIGURE 9 FIGURE 10

Note: Arrows indicate flow of electricity

With this observation, I began testing with 12 of the 19 PZTs and sandwiched them 

between the copper plates as shown in FIGURE 11. With the top plate as the positive 

side and the bottom as the negative, I hooked plates to an oscilloscope as a voltage

output, v0- To prevent vibration interferences and external noise, large books were used 

as damping devices on the top and bottom of the copper plates (shown in FIGURE 11

below). This later would be replaced by a thin rubber mat as shown in FIGURE 12

BOOK

BOOK

FIGURE 11
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As expected, the behavior of the voltage illustrated on the oscilloscope increased with 

compression and returned a negative voltage upon decompression. This behavior 

reassured that the materials were effective and performed as anticipated. However, in 

order to harvest the voltage produced from these ceramics, the negative voltage from 

decompression would have to be eliminated.

Circuitry:

Full-Wave Diode Bridge

Simple circuitry for this investigation plays a crucial role in the proper operation 

of the energy harvesting floor. The first step in producing a circuit that would allow for 

the acquisition of electricity from the PZT is to utilize a one way element that allows for 

current to pass through, but not return. A circuit element known for this property is a 

diode. With this, I would be able to arrange a series of diodes in a forward-biased 

manner to allow the safe passing of current without the consequence of it returning back 

to the material it derived from. My plan was to use a full-wave diode bridge, better 

known as a bridge rectifier. This would allow the circuit to transform the alternating 

current (AC) input from the PZT to a direct current (DC) output. This will reduce voltage 

variations and help produce a short-lived, quantitatively constant voltage from the PZT.

Electrolytic Capacitor

The electrolytic capacitor within the circuitry acts like a battery charging. 

Ultimately, this can store a voltage or be connected directly to a load resistor.

CORETTE LIBRARY 
CARROLL COLLEGE
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Load Resistor

The size of a load resistor in series with the LED determines the time for voltage 

dissipation and thus the illumination time of the LED.

LED (Light Emitting Diode)

A tiny light that operates as a diode - read on for further specifications.

Switch

A make-or-break connection that either allows or disallows voltage and current to

the load resistor and LED.

Test I: Loading a Capacitor

This test involved simple circuitry (schematic found in Appendix: Test I 

Circuitry) concerning a variety of different electrolytic capacitors. Given that the steps 

are consistent and uniform for one specific person (approximately 165 lb), I wanted to 

know how much voltage each step would produce. Voltage from a single step could 

easily be found using a zeroed out voltmeter connected to the circuit at the Vout terminals. 

Unfortunately, this is not a set value and fluctuates with different electrolytic capacitors.
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The charge, however, would remain approximately the same for each step. This is seen

in the table below:

CAPACITOR 4.7 pF 100 pF 470 pF 1000 pF
V/STEP (Volts) 240 mV 12 mV 2.5 mV 1.2 mV

Q/STEP (Coulombs) 
=V/STEP*CAPACITOR

1.128x10"6C 1.2xl0'6 C 1.175x10'6C 1.2xl0'6 C

W stored/STEP (Joules)
=I«L = ICP2

2 C 2

1.354x10’7J 7.2xl0‘9 J 1.469xl0"9 J 7.2x1010 J

TABLE 2

Results show that Test I was successful in that a voltage was indeed harvested and 

stored in a capacitor. The floor produced electricity. Further testing will consist of the 

attempt to utilize this voltage by connecting a device in the form of a single Christmas 

light and then an LED to the Vout terminals.

Test II: Powering a Christmas Light

My first attempt to power an outside device was to connect a single Christmas 

light to the Vout terminals. Unfortunately, this test concluded almost as soon as it had 

begun in that the particular Christmas light I obtained functioned on an alternating 

current, and thus allowed current to flow in both directions. This was a troubling issue 

because the current from the flooring system would be useless without the rectifier to 

convert the AC to DC and to prevent the voltage from retreating back into the PZT. In 

addition, Christmas lights have extremely small and weak terminals that often break, 

which affected the experiment several times. Ultimately, the light did not illuminate and 

so a different device more applicable to my system would need to be used.
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Test III: Powering an LED+Resistor

To test the real-world application and efficiency of the flooring system, I wanted 

to power a small device that requires a tiny amount of voltage to function. Note that on a 

much larger scale, with an abundant and frequent supply of mechanical energy, more 

complex and higher voltage electronics could be powered. Nevertheless, this 

experimentation is restricted to a scaled down version and thus can be used to power 

devices such as LEDs. An LED is a small light that behaves like a diode and operates at

approximately 1.6V-1.8 V.

In this experiment, a single LED was connected in series with a load resistor to 

the Vout terminals on the circuitry for the floor (schematic found in Appendix: Test III 

Circuitry). I expected the LED to light up and signal that sufficient voltage and current 

had been provided to the device.

Initially, this test also resulted in failure. At first, a 100 pF electrolytic capacitor 

was used as the storage element in parallel with the LED plus a 10Q resistor. To charge 

the capacitor, I bounced on the flooring system at a frequency of approximately three 

weight changes (“bounces”) per second. The intent of reaching 5 V and then watching the 

LED illuminate and dim out was defeated by the fact that I was reaching a peak voltage 

of approximately 1,68 V. This was strange because with only a capacitor, I had no trouble 

of loading 5V-10V across. Altering the electrolytic capacitors size had no effect; the 

voltage continued to peak out at approximately 1.68V.

It was then that I discovered that an LED is fundamentally a diode that lights up. 

This means that when the system reaches the LED’s operating voltage, it will begin to
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conduct as a diode and thus, will drain the voltage before it can surpass 1.68V [11]. In

order to prevent this, I would have to modify the system to allow voltage to build to a 

certain point before releasing to the LED.

Test IV: Powering an LED+Resistor through a Switch

To construct a system that would not run directly to the LED so as to avoid an 

interruption in acquiring an adequate voltage, a make-or-break switch was incorporated 

into the circuit (schematic found in Appendix: Test IV Circuitry). This would, depending 

on the position of the switch, allow the voltage to suddenly transfer to the LED or prevent 

the voltage transfer altogether, thus enabling the capacitors to reach a much higher stored 

voltage.

After the initial LED experiment, I discovered what other modifications were 

required within the circuit to power the light. In my first attempt, even if the LED would 

have proved effective and illuminated, the flicker would be too brief for the human eye to 

see. This is evident in the time constant, r that corresponded to the circuit.

t = RC

In units of seconds, r is the time taken for a system’s step response to reach 63% of its 

final value. This is a coefficient used in the equation to represent the exponential decay 

of voltage over time:

I/(f) =

This is related to the dissipation in voltage with respect to time. Thus when t=5r, no 

matter the voltage Vo, the drop across the diode will be virtually zero, thus causing the
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diode to dim and go out. When the time of illumination is calculated from the elements 

used before, it is clear that the LED would have only been lit for a few milliseconds:

Time of Illumination = 5(RC) = 5 * 10ft * 100/rF =. 005 seconds

With this known, I could alter my circuit to provide a resistor and capacitor large enough 

that the calculated time step will provide sufficient time of illumination.

After reconfiguration, I installed a 2200gF capacitor and a 220Q resistor. After 

acquiring an approximate 2.5V stored in the capacitor from bouncing on the flooring 

system, I flipped the switch and as expected, the LED shown bright for roughly two 

seconds (timed on a stop watch) and then dimmed away. The exact time of illumination 

with these new components is calculated below:

Time of Illumination = 5(FC) = 5 * 220ft * 2200/j.F = 2.42 seconds

The calculated time of illumination confirms the validity of the actual time of 

illumination. This demonstration shows that small power devices can be used even with 

a scaled-down model of a piezoelectric flooring system.

Future Adjustments:

While this model proved to function correctly and efficiently on a diminutive 

level, some adjustments and additions could be made to develop a more practical and 

productive device.

Other PZTs such as EBL #5 (see Appendix: Lead Zirconate Titanate 

Characteristics) have a much larger g33 constant and thus produce a higher voltage when
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subjected to stress or strain. While PZT was useful in this experiment, it would also be 

interesting to explore the effectiveness of other piezoelectric materials.

A huge upgrade to this investigation would be to include some kind of power 

converter between the rectifier and the electrolytic capacitor (see Appendix: Power 

Converter Circuitry). Some examples of this could be in the form of a step up 

transformer or a DC-DC converter. Both these devices could take the input voltage from 

the piezoceramics and convert a miniscule voltage to a higher, more functional output. 

Unfortunately DC-DC converters that operate at such small voltages are difficult to find.

In future experiments, I will explore further with different PZT wiring 

configurations such as in FIGURE 13 below.

PZT’s in Series:

The purpose of PZT’s in series is to implement the effect of “stacking” the 

materials on top of each other. This will give the result of multiple small voltage sources 

in series. This could be more effective in that voltage sources in series can be added 

while voltage sources in series ultimately will have a net voltage equivalent to that of the

smallest source:

In Series:

Vnet ~ Vpiezo 1 "b Vpiezo 2 ~b •” + Vpiezo n
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Real-World Applications:

After proving the capability of a scaled-down model of a piezoelectric flooring 

system, questions are raised about the real-world application of such a system. Different 

environments and settings bring different forms and levels of stresses and strains.

One would think that this model could work on a real scale in an area highly 

congested with human movement. The proposal for installation of these floors in dance 

clubs has been investigated by an “eco-friendly” club in London [10]. This provides 

backing to support that the floor could be useful in even more crowded areas such as the

New York Rapid Transit Subway. An estimated 5.43 million people passed through the 

New York Rapid Transit Subway on a given weekday in 2007 [13], This means that

using piezoceramics in an effective flooring system with a power converter could provide 

a staggering amount of energy every day to provide lighting to dark walkways, railways 

or to power any other energy exhausting device.

Another interesting real-world application worth further research is the effect of 

rolling pressure on piezoelectric materials. Large trucks and semis can weigh anywhere 

from 10,000-80,000 lbs and average around 55,000 lbs [12]. Because the voltage 

produced by piezoelectric material varies linearly with the force applied to it, one of these 

trucks, on average, could produce approximately 333 times the voltage produced by a 

human step (compared to my personal weight). This is also assuming that rolling 

pressure has the same effect as downward pressure.
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Conclusion:

In 1880, the Curie brothers would have no idea that their discovery of the

piezoelectric effect would have an impact on the world of alternative energy. However, 

after a series of several tests resulting in both success and failure, the piezoelectric effect 

has proven to be effective as a source of energy derived from mechanical force in the 

form of footsteps. The scaled-down version of the flooring system generated in this 

investigation was able to light an LED and thus signifies the validity of its possible usage 

in a real-world situation on a full-scale. In addition, the piezoelectric materials had no 

trouble charging a capacitor. Accordingly, this confirms the material’s ability to charge a

rechargeable battery such as lithium ion, which powers most small electronic devices 

today such as cell phones, mp3 players and others. However, this of course is not limited 

to miniscule devices; perhaps with sufficient mechanical energy application,

piezoelectrics could power mechanisms of much higher operating voltages.

With the energy revolution at an all-time high, the door is wide open for new 

forms of alternative energy production. If piezoelectrics are properly implemented in the 

world today, it could present a new level in the rise of energy independence.
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Appendix

Lead Zirconate Titanate Characteristics [provided by EBL Products, Inc.]

Material Properties EBL#1 EBL#2 EBL#3 EBL#4 EBL#5 EBL#6 EBL#7 EBL#9 EBL#23 EBL#25

Density g/cm3 7.5 7.5 7.45 7.5 7.7 7.45 7.5 7.6 7.8 7.7

Dielectric constant KT3 1300 1725 3450 1050 425 2750 1100 1450 3800 1800

Mechanical Q 400 100 65 960 600 75 900 600 30 80

Dissipation % @ 1 KHZ 0.4 2 2 0.4 2.5 2 0.3 0.4 2.4 1.8

Curie Temperature °C 320 350 190 300 350 220 300 320 250 350

d constant m/VxlO’12

d33 295 380 583 220 150 480 240 315 650 350

d3i -127 -173 -262 -95 -60 -260 -107 -135 -320 -179

dis 506 584 730 330 360 670 360 ...

g constant Vm/NxlO'3

25 25 19.1 24.5 41 20.9 24.8 24.6 19 24.2

g31 -10.7 -11.5 -8.6 -10.5 -16 -9.8 -10.9 -10.5 -9 -11

815 39.8 38.2 28.9 28.9 50 35 28.7 ... ... ...

Coupling coefficients

kp 0.6 0.62 0.64 0.52 0.52 0.63 0.56 0.6 0.75 0.63

k33 0.69 0.72 0.75 0.62 0.67 0.74 0.66 0.71 0.75 0.7

k3i 0.36 0.36 0.38 0.31 0.3 0.37 0.33 0.34 0.44 0.3

kis 0.72 0.69 0.68 0.55 0.68 0.67 0.59 ... 0.68 _
Frequency constants 
Hzm

Thickness 2026 1778 1765 2181 2050 1727 2141 1990 2030 2050

Planar 2149 1994 1981 2311 2340 1943 2269 2110 _ 2020

Transverse 1321 1092 1105 1415 1750 1058 1333 — — —

Industry Types PZT-4
PZT-
5A

PZT-
5H PZT-8

PZT-
7A

PZT-
5J

PZT-
4D

EC-64 EC-65 EC-76 EC-69 — EC-70 EC-67 — — —
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Test I Circuitry:

+

Vout

PZT RECTIFIER ELECTROLYTIC
CAPACITOR

Test III Circuitry

LED
CONFIGURATION

PZT RECTIFIER ELECTROLYTIC
CAPACITOR
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Test IV Circuitry

SWITCH

LED
CONFIGURATIO

PZT RECTIFIER ELECTROLYTIC
CAPACITOR

Power Converter Circuitry:

i LED
j CONFIGDRATIC

POWER
CONVERTER
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