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Abstract 

Team PISO recognizes an urgent need for new niches of environmentally sustainable 

energy, and believes that piezoelectric materials offer a small part of a solution. With this 

consideration, Team PISO has focused on the process of optimizing the application of strain on a 

piezoelectric component by altering the dimensions of a cantilever beam. Future research in this 

avenue could focus on a computational model based off of the experimental data collected 

herein, or more focused optimization of a selected cantilever profile. 

In the long term, PISO’s research could be applied to energy harvesters to reclaim power 

from vibrations and deformations, such as sounds and footsteps, as a novel source of renewable 

energy for implementation in public, heavily-traveled areas. This paper investigates the 

relationship between the geometric shape of a piezoelectric cantilever structure and its power 

output from discrete impulses.  

To this end, Team PISO created several curved cantilevers to examine the impact of the 

geometry of a piezoelectric cantilever on its output. These cantilevers were tested on an 

apparatus that simulated the movement of a footstep and their power outputs compared. PISO 

concluded that convex cantilevers were the most effective, with the convex spherical geometry 

outputting 24% more power than the control rectangular geometry.  
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Chapter 1: Introduction 

1.1: The Need for Clean Energy Production 

Humanity can attribute its accelerated cultural and technological progression of recent 

centuries to the command of electrical power. The fundamental discovery of energy and 

electricity became the foundation on which modern civilization developed. Due to 

experimentation with basic circuitry in the eighteenth century, societies have been able to reach 

heights in communication, transportation, artificial intelligence, and manufacturing through 

engineering and science. However, all of these agricultural and industrial advancements from 

hundreds of years ago could not have happened without the utilization of natural or 

manufactured materials to generate power. Most of the world’s current methods of power 

generation rely on exhaustible energy sources like coal and other fossil fuels, the byproducts of 

which are known to cause lasting damage to the atmosphere and the global ecosystem [1].  

Fossil fuels such as coal are utilized through combustion, which expels massive amounts 

of carbon dioxide into the atmosphere. The excess of carbon dioxide from these processes has 

lasting effects on the environment, affecting the populations of countless species and changing 

meteorological patterns more each year. Arctic amplification, the phenomenon that contributes to 

the melting of ice reserves at the poles, has led to lasting damages in ecosystems around the 

globe: rising sea levels, devastating wildfires, tumultuous storms, and a continuously growing 

global temperature [2] [3]. Densely populated areas in countries like China and India are 

especially affected by air pollution and smog, posing serious health risks for their own residents 

[4]. Coal and fossil fuels are also depletable, so as the world population and technological 

https://www.zotero.org/google-docs/?a2nt6q
https://www.zotero.org/google-docs/?oIQonW
https://www.zotero.org/google-docs/?nC2vFD
https://www.zotero.org/google-docs/?2SOJtS
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developments continue to grow exponentially, the world’s supply plummets. Therefore, the need 

to search for more sources of renewable energy becomes increasingly urgent with time.  

1.2: Issues with Existing Solutions 

Due to the noticeable pollutive characteristics of fossil fuels and coal, renewable energy 

has been in high demand in recent years, making it the fastest growing energy source within the 

United States. The demand for renewable energy is soaring, while the total coal consumption in 

the United States is decreasing to 11.3 quadrillion British thermal unit (Btu), its lowest recorded 

level since 1964, and total renewable energy surpassing that with 11.5 quadrillion Btu, being the 

highest it has been on record. As the use of coal consumption has dramatically decreased over 

the past 6 years, renewable energy such as solar, wind, biofuels, and hydro have increased 

significantly over the past 4 years. The year 2019 marks when the use of renewable energy and 

consumption of said energy has overshadowed that of non-renewable sources such as coal. 

This can all be attributed to renewable energy’s efficiency and lack of downstream 

pollution compared to its predecessors. A large number of sources have been discovered and 

developed to meet this growing need: solar farms, wind farms, hydroelectric generators, and 

nuclear power plants are the most promising sources of renewable energy thus far, but they all 

require large start-up costs, impacted by intermittency and are limited to specific landscapes 

and/or meteorological conditions in order to work most efficiently. One example of this can be 

seen with solar energy: it specifically requires large sections of land, a substantial amount of 

water for cooling and cleaning, and continual maintenance to be comparatively productive [3]. 

Another example can be seen in wind energy. In order for wind energy to work 

optimally, wind turbines must be located on farms, rural communities, and coastal areas with 

https://www.zotero.org/google-docs/?dQOqt5
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little to no barriers to obstruct the flow of air. The energy produced by harnessing the wind is 

immense, but the energy obtained from wind turbines is far away from the cities that actually 

need the energy, therefore necessitating even more materials and infrastructure which adds to the 

cost of construction and maintenance.  

Additionally, leading sources of renewable energy such as solar, wind, and hydroelectric 

power require large amounts of land to operate at scale. The process of clearing this land can 

have deleterious effects on the surrounding environment, which is usually undeveloped natural 

land due to the aforementioned land requirement. These drawbacks could be mitigated by 

implementing renewable energy sources within metropolitan areas, but this comes with its own 

set of problems: competition with residential and commercial buildings limits the scope of such 

execution to putting solar panels and turbines on rooftops, which reduces the benefit compared to 

an analogous power plant and puts the choice of installation at the whim of individual 

landowners.  

However, an energy harvesting system based on piezoelectric materials can be easily 

implemented into a city setting and structure, and would in fact be more effective in public 

spaces where noise and vibrations are more prevalent. Additionally, the availability of the energy 

generated through solar panels and wind turbines does not yet stand up to that of fossil fuels, as 

the technology is still relatively new and is still being improved upon [12]. While these sources 

of energy are far less detrimental than comparable fossil fuels, none of them fill the commercial 

niche of efficient, cost-effective low-power generation requiring small startup costs. Energy 

production using piezoelectric materials may not have the same raw power output or relatively 

rapid return on investment as sources such as solar and wind, but it adds a renewable source of 

energy to highly populated locations where these other sources are not always possible to 
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implement. In short, piezoelectric energy fills a niche which bolsters current renewable energy 

efforts. 

In regards to the startup costs associated with renewable energy sources, the initial cost 

for a nuclear power plant increased in the years of 2002 and 2008 from 2 billion US dollars and 4 

billion per unit to approximately 9 billion per unit within the United States. The cost of a solar 

farm is approximately 3 million, including development. But, on a per acre scale the cost is 

approximately 500,000 US dollars with the return on investment varying significantly based on 

location. A source of clean energy usable in urban areas with a low initial cost would fill a yet 

unused niche in the energy industry, and encourage the global conversion from fossil fuels to 

renewable energy. 

1.3: The Solution 

To investigate energy sources with lower startup cost, the team is looking to expand on 

an until recently overlooked source of power, which can be collected in highly populated areas 

and with minimal down payment: footsteps [5]. Public buildings, especially transportation hubs, 

see a huge amount of pedestrian traffic every day [6]. The action of both putting one's foot down 

and picking it back up causes the floor to move a measurable amount, deforming and producing 

heat by way of friction. Harnessing the kinetic energy of the movement might prove to be a 

viable method of energy production in highly trafficked areas, producing enough energy over 

time to offset the input cost and environmental impacts of production. 

The idea of producing energy from pedestrian traffic only emerged within the last ten to 

twenty years, but there is a good amount of research on the topic outlining the basic principles of 

https://www.zotero.org/google-docs/?dth3N7
https://www.zotero.org/google-docs/?r46QSG
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harnessing energy with piezoelectric materials, which convert stress into electricity, and 

converting kinetic energy to electricity with dynamos [6].  

A few organizations have made a foray into collecting energy from pedestrian traffic, 

most notably the British company Pavegen, the US government, and the East Japan Railway 

Company. However, the technology is underdeveloped compared to the alternatives, and so the 

piezoelectric tiles currently available on the market exist largely as proof of concept, with 

minimal profit margins [7].  

Team PISO seeks to expand the existing body of knowledge on piezoelectric energy and 

pedestrian traffic energy harvesting in investigating the structure of a piezoelectric transducer for 

optimal output. With prior research indicating that piezoelectric cantilevers cut to taper outwards 

from their base outperform the voltage output of regular rectangular cantilevers, PISO further 

investigates this phenomenon by manufacturing multiple nonlinearly curved tapers. They then 

tested the performance of each custom transducer to determine the effect of the curve on the 

piezoelectric power output under non-sinusoidal low-frequency impulses, such as can be 

encountered with the heel impact of a footstep.   

https://www.zotero.org/google-docs/?9oGS9m
https://www.zotero.org/google-docs/?tCGWMi
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Chapter 2: Literature Review 

2.1: Piezoelectricity 

Piezoelectricity is an underutilized resource of clean energy, limited mostly to 

demonstrations and academic papers as well as lacking widespread use as an environmental 

offset. Like wind power, it has the ability to convert mechanical energy into usable electricity. 

However, unlike wind power, piezoelectricity also has the property to convert electrical energy 

back into mechanical energy. These properties, collectively known as the piezoelectric effect, 

are the focus of this project. We want to look at ways that we can use this unique effect to 

generate renewable energy [8] [9] [10]. 

When a piezoelectric material experiences mechanical motion or friction, the stress 

distorts the material and moves electrical charge, which can then be used to create usable 

electrical energy [11]. This effect is observed because piezoelectric materials have natural dipole 

moments due to their crystalline structure. This means that there are areas inside of them with 

concentrations of either positive or negative charge.  When the piezoelectric material becomes 

distorted, so do the dipoles, and an electric charge is generated. Conversely, when an electric 

current is run through piezoelectric material, the current forces the charges to create a stronger 

dipole, which in turn distorts the material and exerts a mechanical force.  

Piezoelectric materials can come in a variety of forms. They are divided into four 

different categories based upon their characteristics: ceramics, single crystals, polymers, and 

composites [11]. Each category has different benefits and drawbacks. 

https://www.zotero.org/google-docs/?RTJPvz
https://www.zotero.org/google-docs/?0iC5HV
https://www.zotero.org/google-docs/?cCMUYf
https://www.zotero.org/google-docs/?SKd7BY
https://www.zotero.org/google-docs/?9hcIZr
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Piezoelectric ceramics are notable due to their remarkable electrical properties and their 

stability resulting from the formation of a morphotropic phase boundary, a boundary between 

distinct crystal phases [12]. The most popular type of piezoelectric material, Lead-Zirconate-

Titanate (PZT), falls under the ceramic classification. One downside is that ceramics like PZT 

produce lead-based byproducts when manufactured [13]. While there are ceramics that are made 

without lead, they are not nearly as effective. 

Single crystals are the crystalline counterparts to ceramics. They are preferable to 

ceramics in cases where there can only be a small amount of material used. One study showed 

that by using a certain energy harvesting technique, single crystals could output 20 times the 

amount that a ceramic could [5]. One of the drawbacks of single crystals, however, is that the 

cost of manufacturing is higher than that of ceramics [11]. 

Lastly, piezoelectrics that come in composite polymer forms which have differing 

properties to standard piezoelectrics. Since composite piezoelectrics are a combination of 

ceramics or single crystals with polymers, they share a lot of the same characteristics with 

polymers, namely flexibility [14] [15]. However, unlike polymers, composites (as well as the 

other forms) exhibit the ferroelectric property. As such, composites produce more output in 

comparison to polymers. 

The strength of the electric field produced when a piezoelectric material is stressed is 

determined by its piezoelectric constant, denoted with a lowercase d. The constant is 

determined by the material used and the direction of the force with respect to the direction of the 

material’s polarization, also called the coupling mode. The constant for any coupling mode can 

be described with respect to four major modes [16] [17]: 

https://www.zotero.org/google-docs/?lk4SFm
https://www.zotero.org/google-docs/?Om79zP
https://www.zotero.org/google-docs/?6xDFeE
https://www.zotero.org/google-docs/?YCp5hn
https://www.zotero.org/google-docs/?bPX8dS
https://www.zotero.org/google-docs/?kMrwjJ
https://www.zotero.org/google-docs/?hNfsuP
https://www.zotero.org/google-docs/?9AlcuS
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● 3-3, where force is applied parallel to the poling direction, the direction of positive 

polarization. 

● 3-1, where force is applied perpendicular to the poling direction. 

● 1-4, where torque is applied parallel to the poling direction. 

● 1-5, where torque is applied perpendicular to the poling direction. 

 

Figure 1. Visualization of coupling modes in the cardinal directions [17] 

The piezoelectric constant for each of these coupling modes are denoted d31, d33, d14, and 

d15, respectively [17]. Each of these coefficients have different values, dictated by the 

composition of its material. Using these values and vector analysis, the electric field generated 

from a force of any direction and magnitude can be predicted. 

Using the piezoelectric constant, it is possible to calculate the voltage produced by the 

deformation of a piezoelectric material. 

https://www.zotero.org/google-docs/?v9R0qM
https://www.zotero.org/google-docs/?e5h6jE
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2.2: Impact and Lifespan of Piezoelectric Materials 

Piezoelectric ceramics, which have a perovskite structure, are what allows for the 

conversion of pressure, vibrations, and other configurations of motion into electrical signals. For 

the purposes of this report, this conversion would allow the conversion of the energy harvested 

from the force or pressure exerted on the piezoelectric material from human interactions into 

energy that can be repurposed for other uses [18]. Commonly used piezoelectric materials, which 

are also piezoelectric ceramics, include PZT, barium titanate (BT), and strontium titanate (ST). 

Materials that have precedent for the direct application of converting the pressure exerted on 

piezoelectric floor tiles into energy includes PZT, Polyvinyl Indene Fluoride (PVDF), and 

quartz.   

PZT is unarguably the most effective material for this report’s purposes. Compared to its 

more environmentally friendly counterparts or those who are lead free, it is simply better in 

terms of raw piezoelectric output. The development of a lead-free piezoelectric material with the 

equal or better capacities as PZT is expected to take years at best; however, with restrictions to 

using hazardous materials (like lead) rising in the world, development of these materials is on the 

forefront of many minds and research. PZT is a (solid) combination of lead zirconate (PZ) and 

lead titanate (PT) which both have great piezoelectric properties which contribute to PZT’s 

overall peak performance [19] [20].  

It is proven that lead can be toxic to people, living organisms, and the overall 

environment, leading lead poisoning to be a notable environmental health consideration. The 

main way in which people are exposed or suffer from lead poisoning is from inhaling or 

ingesting lead. PZT has the potential to be dangerous because of its volatilization at high 

https://www.zotero.org/google-docs/?J41fgp
https://www.zotero.org/google-docs/?vmlF77
https://www.zotero.org/google-docs/?TMa9c4
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temperatures; during the production processes of calcination and sintering, PZT can produce 

trace amounts of lead which cause pollution [21]. In addition, PZT submerged in water has been 

observed to have left trace amounts of lead in the water supply. It is therefore important for PZT 

to be well contained during production and usage to minimize negative environmental impact. 

PVDF is a polymeric material that can be used in tandem with PZT for power generation 

and or energy harvesting. As a piezoelectric material, quartz is more precise but has a higher cost 

compared to PZT and other piezoelectric ceramics. PVDF also has a smaller elastic modulus and 

therefore is more prone to breakage than PZT. It has a high availability and therefore a precise 

frequency response, making it more effective when compared to its other piezoelectric material 

counterparts [22] [23]. 

Bismuth-based ceramics (BLSF), sodium potassium niobate (KNN), and NBT 

(Na0.5Bi0.5TiO3).  KNN ((K, Na) NbO3)  is a solid combination or solution of NN (NaNbO3) and 

KN (KNbO3) compounds [24]. KNN is believed to be the more environmentally safe alternative 

to PZT, but some research indicates that KNN in the early stages of its life cycle can actually be 

just as or more environmentally harmful than PZT [25] [26]. 

In terms of usability and lifespan of these piezoelectric materials, PZT is actually not 

suited for frequent cyclic loading. PZT can be considered a brittle material as an inorganic 

ceramic and must be protected from either strenuous or harsh environments. If PZT is 

overexerted, it loses a significant amount of piezoelectric properties but may not have visible 

deformation or cracking. However, PVDF can be considered virtually unbreakable when 

exposed to these same strenuous conditions and quite long lasting. PVDF as a polymer material 

is comparatively flexible, with an elastic modulus 25x smaller than PZT, which makes it more 

resistant to both mechanical stresses and destruction forces [16] [21] [27].  

https://www.zotero.org/google-docs/?EwEkWr
https://www.zotero.org/google-docs/?2MvZsB
https://www.zotero.org/google-docs/?KgmV2e
https://www.zotero.org/google-docs/?B28hKD
https://www.zotero.org/google-docs/?txI9ZF
https://www.zotero.org/google-docs/?h7rahN
https://www.zotero.org/google-docs/?2V194h
https://www.zotero.org/google-docs/?FDauMM
https://www.zotero.org/google-docs/?xZGhEc
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2.3: General Applications of Piezoelectric Material 

The converse effect of piezoelectric materials to exert force when exposed to a voltage is 

well-documented and often used in a broad range of industries, especially where precision is 

involved. Atomic force microscopes, ultra-precise machine tools, actuators, and structural 

damping mechanisms all take advantage of piezoelectric materials for their capacity to make 

small adjustments to their shape as the electric field around them changes [16]. On the other 

hand, their direct effect of creating a voltage when deformed is relatively underused until 

recently, as research has mostly been focused on technologies that promise to yield larger 

quantities of power.  

That said, piezoelectric power generation does exist. The most widely used piezoelectric 

material in energy harvesting is the aforementioned PZT, which is both easy to manufacture and 

capable of generating a large amount of energy compared to other piezoelectric materials, due to 

its large charge coefficient [22]. 

Piezoelectric power harvesting largely makes use of piezoelectric materials coupled in 

the 3-1 mode or the 3-3 mode, since these coupling modes generally have the largest charge 

coefficients out of the four listed in the previous section. Generators in different modes work best 

under different circumstances [28]. For example: 3-1 generators, often designed as vibrating 

plates or rectangular cantilevers, have a lower charge coefficient but are easier to make vibrate at 

resonance. This allows them to be more responsive to low-frequency or low-amplitude 

vibrations, or irregular inputs. 3-3 generators, often arranged as several alternating layers of 

piezoelectric wafers and electrodes, have a higher charge coefficient but vibrate less freely, 

https://www.zotero.org/google-docs/?9KKRUT
https://www.zotero.org/google-docs/?QwTb4o
https://www.zotero.org/google-docs/?AOiXqj
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making them well-suited in situations with high-powered, regular inputs which drive their 

oscillation [29] [30]. 

Any type of piezoelectric generator operates at peak performance when exposed to a 

vibration of the same frequency as its resonance. At resonance, the piezoelectric material 

experiences its maximum deformation as it vibrates, and so outputs the maximum amount of 

voltage it is theoretically able to. As the vibration of the system strays away from resonance, 

piezoelectric output drops sharply, especially if the system’s vibration becomes lower than the 

resonance frequency [27]. This is a consideration for piezoelectric floor tiles, since pedestrian 

traffic typically occurs at low frequencies and irregular intervals. 

2.4: Piezoelectricity in Floor Tiles 

The properties of the piezoelectric effect have the potential for use in many fields, but the 

focus of this project is utilizing piezoelectric materials to generate energy through a floor tile. 

The general concept of this consists of creating an area of floor which contains piezoelectric 

materials which will interact with pedestrian traffic, thus generating current. While this idea has 

seen minimal application so far - restricted only to isolated uses in very specific facilities - 

various researchers have conceptually designed or prototyped floor tiles which implement 

piezoelectric energy generation. 

Piezoelectric floor tiles typically are multilayered constructs: the actual piezoelectric 

material is placed on the surface where it can receive mechanical input, and circuits are placed 

below this layer for spacing, usually in the form of a converter where the produced current is 

made usable in some way [31]. The surface layer is allowed to deform, while the circuit layers 

underneath are made rigid and stable.  

https://www.zotero.org/google-docs/?yaK8lq
https://www.zotero.org/google-docs/?PKKmmj
https://www.zotero.org/google-docs/?d2Sy4U
https://www.zotero.org/google-docs/?rbRdNb
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Figure 2. Example of Piezoelectric Tile layering [32] 

Actual piezoelectric floor tiles have mostly been made for demonstrative purposes due to 

the relatively slow rate of energy generation, but efforts have been made to integrate these tiles 

with other generation methods for more optimal output. It has been attempted to add 

photovoltaic cells to the top layer, thus allowing the surface layer to act as both a piezoelectric 

generator and a solar generator [33]. This potentially supplements outside floor areas by allowing 

the tiles to generate energy, even when pedestrian traffic is relatively low; this concept could 

receive use in outdoor train stations or market areas. 

Other prototypes have explored implementing magnetic inductors, which would be 

affected by the moving charge from piezoelectric displacement to create additional induced 

current [34]. Since magnetic induction would use some already existing functions of a 

piezoelectric tile to produce current - instead of adding completely new circuits - the efficiency 

of the piezoelectric tile with regard to its basic form is increased. 

https://www.zotero.org/google-docs/?6Yhz2i
https://www.zotero.org/google-docs/?ExYN8n
https://www.zotero.org/google-docs/?UwhP09
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Furthermore, while efficient piezoelectric tiles presents a good first step, research groups 

such as one at Tongji University in China, as well as the Israel-based Innowattech, have looked 

into applications of piezoelectric traversal energy general for other surfaces, such as roads and 

railways [35]. While these surfaces may not see high pedestrian traffic like walkways, they are 

frequently traveled over by heavy vehicles, which can easily provide piezoelectric charge with 

regularity. Any efficiency boost to piezoelectric generator systems has the ability to increase the 

technology’s applicability, and thus its impact on alternative power production. 

2.5: Optimizing Piezoelectric Floor Tiles 

The energy generated from piezoelectric tiles depends significantly on foot pressure 

distribution while walking, duration of pedestrian traffic, shape of the tile, energy harvester 

model, and shape of the cantilever. In order to optimize the output of the tiles, these factors need 

to be taken into account.  

Analyzing pedestrian traffic is an integral part of maximizing the input for piezoelectric 

tiles. There is a vast difference in the foot pressure distribution during walking between young 

and old adults. The elderly (60+ age) have lower maximum pressure and force as compared to 

the young (20 - 40 age) population [36] [37]. Since pressure is a key element in maximizing 

energy input, it is important to consider factors that can increase or decrease the pressure.  

Additionally, input energy can be increased if the tiles receive consistent pedestrian 

traffic. In fact, consistent traffic for a shorter duration (4 hours) generates twice as much energy 

as compared to an inconsistent pedestrian traffic for a longer duration (12 hours). Every time the 

piezoelectric tile senses a footstep, the downward force drives an energy-storing flywheel inside 

the tile, which spins to convert kinetic energy into electrical energy [38]. It’s like a generator in 

https://www.zotero.org/google-docs/?PiELYP
https://www.zotero.org/google-docs/?VLRr34
https://www.zotero.org/google-docs/?Jl5hq5
https://www.zotero.org/google-docs/?zRK3UH
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motion and with consistent load, the energy generated will be much higher as compared to 

inconsistent pedestrian traffic. Thus, installing piezoelectric tiles on crowded walkways or dance 

floors will generate more energy as the traffic pattern is more consistent. Further, lobbies and 

common areas in apartments and offices are also good candidates for receiving consistent 

pedestrian traffic for certain intervals of the day [39].  

The shape of the piezoelectric tile significantly affects the energy output. Pavegen, an 

established company, is using kinetic technology for generating energy from footsteps [40]. They 

changed their tile shape from square to triangular because they are able to capture much more 

energy with triangular tiles [25]. Each footstep triggers three or four generators in the Pavegen 

floor tiles [38]. With their square tiles, only 20% of steps would fall in the right place and trigger 

the generators. However, with triangular tiles, they are able to achieve 100% accuracy. Thus, the 

shape of the tile is a crucial factor in optimizing the piezoelectric tiles.  

The piezoelectric harvester can be coupled with other types of harvester to amplify the 

energy output. For instance, a piezoelectric-thermoelectric hybrid energy harvester can collect 

energy from two different types of sources: thermal and kinetic. By harvesting from two 

different sources at the same time, the total harvested energy is increased. Even when one of the 

energy sources is not present, harvesting energy from another source continues and it allows for 

an uninterrupted energy collection [7]. Therefore, a hybrid energy harvester is more beneficial. 

Another major factor in the output of a piezoelectric floor tile is the shape of the 

cantilever used within the tile. Ideally, the proper cantilever shape should be able to maximize 

output while similarly minimizing costs. While altering the shape of the cantilever might not 

maximize the power output of a piezoelectric floor tile, it may decrease the price per area of the 

https://www.zotero.org/google-docs/?y2dUVS
https://www.zotero.org/google-docs/?5bFYBR
https://www.zotero.org/google-docs/?mbu0oT
https://www.zotero.org/google-docs/?BzP6pC
https://www.zotero.org/google-docs/?LUtwGn
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piezoelectrics used within the tile. This would conceivably make the piezoelectric floor more 

accessible to lower income communities. It has been empirically shown that altering the shape of 

the piezoelectric cantilever beyond a rectangular profile changes the peak power output of the 

cantilever, to the effect that certain shape alterations use <60% of the mass, but have a >40% 

power increase [41]. Moreover, these alterations also tend to lower the resonance frequency of 

the cantilever. This gives promising results as lower resonance frequency, higher power output, 

and fewer used resources are all beneficial for the prospect of using piezoelectrics in floor tiles. 

 

Figure 3: An example of a linearly tapered piezoelectric. This particular configuration 

demonstrates a 45.14% increase in voltage over a rectangular cantilever of cross-sectional area 

h2 x b2. [41] 

In conclusion, pedestrian traffic, foot pressure, tile shape, energy harvester model, and 

cantilever shape are key players in optimizing the output of piezoelectric floor tile. Of these, we 

observe the most potential in optimization of energy output by altering the shape of the 

piezoelectric cantilever. 

https://www.zotero.org/google-docs/?zWMf2Q
https://www.zotero.org/google-docs/?OGYPHa
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2.6: Power Generation and Storage 

Electrical energy storage is the process of converting energy from one form (usually 

electrical) into a storable form that can be held in a medium and converted back to electricity to 

use [42]. There are a variety of options for storing energy: including compressed air, pumped 

hydro, or supercapacitors. However, this project will most likely involve the use of batteries, 

known to be excellent for integration in renewable energy collection [43]. Their energy transfer 

does not generate carbon emissions, they are flexible in power and energy characteristics, have 

long cycle lives, and are low maintenance, all of which align with the ideals of this project.  

Batteries have a primary use as support for large scale renewable energy storage, such as 

solar or wind, because they stabilize and regulate frequency in order to interface the system’s 

output with the rest of the grid [44]. One study also found batteries had the lowest power 

interface costs among energy storage systems [45], which means that it is cheapest for batteries 

(specifically Nickel-Cadmium batteries) to convert the electricity they generate into storable 

energy.  

This leads to an important point, there are a wide variety of battery types available to use 

in this study. One type of battery we investigated was the flow battery. Vanadium redox flow 

batteries are considered useful for small-scale battery energy storage systems [44] and have 

lower levelized costs of delivery (which involves a ratio between the storage system’s cost and 

its electrical output over its lifetime) [46]. Alternatively, Lead-Acid batteries score consistently 

for bulk energy storage, distributive storage, and power availability [47]. 

However, while batteries do not produce carbon dioxide directly through their use, they 

can have a variety of negative environmental impacts, which in part depend on the type of 

https://www.zotero.org/google-docs/?8ZDmTY
https://www.zotero.org/google-docs/?j6nYcj
https://www.zotero.org/google-docs/?IleZx4
https://www.zotero.org/google-docs/?Uvt068
https://www.zotero.org/google-docs/?6q3nIt
https://www.zotero.org/google-docs/?UwdEbY
https://www.zotero.org/google-docs/?4IAzvW
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battery used. For instance, while Nickel-Cadmium batteries are highly effective at storing 

electrical energy, the cadmium they contain is highly toxic and notably damaging to aquatic 

environments. They have been replaced with Lithium-Ion batteries in most places, noted for their 

“high energy efficiency, high power density, and environmental friendliness” [48].  

Specifically LFP (LiFePO4) batteries are widely praised for their low cost, high safety, 

and long cycle lives. These traits align strongly with the project’s goals of creating a relatively 

inexpensive and long lasting form of energy generation and storage. The carbon footprint of Li-

Ion batteries is further reduced because they can be recycled [49]. The Lithium-Ion battery 

recycling industry has been expanding, as the need grows with the increase in electric vehicles in 

use. As such, when the life cycle of a tile does finally complete, the user should be able to return 

the battery to a designated location to minimize the environmental impact.  

2.7: Piezoelectric Equations 

This project will use various piezoelectric equations to make important calculations for 

the creation of tiles. Here are some equations encountered in the research that have been deemed 

potentially valuable as the team constructs its own models and performs experiments. 

The equation for strain in a piezoelectric material is as follows:  

𝑆𝑆𝑝𝑝 = 𝑠𝑠𝑝𝑝𝑝𝑝𝐸𝐸 𝑇𝑇𝑞𝑞 + 𝑑𝑑𝑘𝑘𝑘𝑘𝐸𝐸𝑘𝑘 

In this equation, S is the strain, T is the stress (pascals), E is the electric field 

(volts/meter), s is the elastic compliance in a constant electric field (1/pascal), and d is the 

piezoelectric constant (meter/volt). 

The equation for electric displacement in a piezoelectric material is as follows: 

https://www.zotero.org/google-docs/?RFOnuR
https://www.zotero.org/google-docs/?ymMa9u
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𝐷𝐷𝑖𝑖 = 𝑑𝑑𝑖𝑖𝑖𝑖𝑇𝑇𝑞𝑞 + 𝜀𝜀𝑖𝑖𝑖𝑖𝑇𝑇 𝐸𝐸𝑘𝑘 

In this equation, E is the electric field (volts/meter), T is the stress (pascals), D is the 

electric displacement (Coulombs/meter^2), d is the piezoelectric constant (meter/volt), and ε is 

the permittivity of the material at constant stress (Farad/meter). 

The equation for charge in a piezoelectric material is as follows: 

𝑄𝑄 =  −� � 𝐷𝐷3𝑑𝑑𝑑𝑑 =  −
1
𝑡𝑡𝑝𝑝
� � � 𝐷𝐷3𝑑𝑑𝑑𝑑

=  −
𝑑𝑑31
𝑡𝑡𝑝𝑝

� � � 𝑇𝑇1𝑑𝑑𝑑𝑑 +
𝜀𝜀𝑇𝑇33𝐴𝐴
𝑡𝑡𝑝𝑝

⋅ 𝑉𝑉 

𝑄𝑄 =  −
𝑑𝑑31
𝑡𝑡𝑝𝑝

� � � 𝑇𝑇1𝑑𝑑𝑑𝑑 + 𝐶𝐶𝑝𝑝𝑉𝑉 

Where 𝛹𝛹 is volume, 𝑉𝑉 = −∫ 𝐸𝐸3 × 𝑑𝑑𝑑𝑑, and defined 𝐶𝐶𝑝𝑝 = 𝜀𝜀𝑇𝑇33𝐴𝐴
𝑡𝑡𝑝𝑝

. 

In this equation, Q is the charge (coulombs), t is time (seconds), T is the stress (pascals), 

D is the electric displacement (Coulombs/meter2), d is the piezoelectric constant (meter/volt), 

and ε is the permittivity of the material at constant stress (Farad/meter). All other components are 

explained in the image. 

Magnetic induction may be used in components to increase efficiency. The equation for 

magnetic induction in a piezoelectric material is as follows: 

𝐵𝐵 = 𝑑𝑑∗33𝜎𝜎 + 𝜇𝜇𝜎𝜎𝐻𝐻 
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In this equation, B is the magnetic induction (tesla), Sigma is the compress stress 

(pascals), Mu is the relative magnetic permeability at a constant stress (Henry/meter), H is the 

magnetic field (tesla), and d33 is the parameter of the magneto-mechanical effect:  

𝑑𝑑∗33 = 𝜕𝜕𝜕𝜕/𝜕𝜕𝜕𝜕|𝐻𝐻=𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  



24 

2.8: Summary 

Our project will be developing the underutilized clean energy source of piezoelectricity. 

The piezoelectric effect allows for the conversion between mechanical and electrical energy, and 

is exhibited in a variety of materials. Each classification of material has its own properties, with 

unique benefits and drawbacks.  

The use of piezoelectric materials to generate electricity is currently very limited. 

Therefore, this study is meant to expand on the knowledge of piezoelectric tiles for energy 

harvesting. It will primarily focus on optimizing the performance of existing piezoelectric 

technology.  

There are other ways to increase the efficiency of the piezoelectric device. For example, 

the floor tiles should be strategically placed to maximize energy collection, as well as 

specifically designed to harvest as much energy per footstep as possible. Lastly, the energy 

harvesting mechanism can be improved to minimize the wasted energy in the conversion 

process. 

Lastly, energy storage is an important component of piezoelectric tiles. Batteries provide 

an attractive option, due to their variety of properties as well as their history of being integrated 

into large-scale power generators. However, the method used should be chosen conscious of 

environmental concerns and ease of access to the design, through low maintenance and simple 

installation.  
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Chapter 3: Methodology 

3.1: Research Questions 

In order to effectively conduct the optimization testing required to realize Team PISO’s 

ultimate goal of making foot traffic a viable energy source, the team has developed three 

research questions to guide our studies and focus our efforts: 

1. How can existing piezoelectric energy harvesting technology be improved?  

2. How can we optimize the shape and design used in order to maximize energy production?  

3. Does the geometry of the tapered piezoelectric transducer affect the energy output?   

These questions have been used as a baseline gauge of progress and as a guideline for 

planning future steps in the project and where to focus for maximum effect.  

While not necessarily a guiding question for research, this question was important to keep 

in mind as the project continued, in order to avoid straying from the end goal or focusing too 

much on one avenue of testing and creating a substandard final result with minimal applications 

in the real world. Every step of the way, the team considered how the gathered data differs in the 

context of the real world, as opposed to our simulation. 

Within the study, the overarching question or thought has been whether it is possible for 

us to improve on the technology for piezoelectric floor tiles in order to make them viable sources 

of energy. In order to both analyze and answer this question, the team has conducted multiple 

experiments to collect data to determine the effectiveness of the technology. 
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3.2: Design Iterations 

3.2.1: Experiment Intent 

In order to derive solutions to our research question of ‘how can piezoelectric energy 

harvesting be improved?’, the team realized that they would need to produce a mathematical 

model that characterizes the behavior of a piezoelectric tile: in terms of both the mechanical 

forces experienced by the tile and resulting electrical output. In order to validate this model, the 

team required a simple and consistent mechanical input. To accomplish this, a series of testing 

apparatus were constructed that were designed to elicit repeated outputs from the piezoelectric 

tile. The two most significant iterations of the design are described below. 

Figure 3. Initial Apparatus Prototype Construction 

The initial design for the apparatus consisted of a bar of solid material with its end 

mounted to the output shaft of a stepper motor (Figure 3). The piezoelectric tile then had its end 

mounted to another block of material, which was attached to the base. The motor was mounted, 
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in a specially designed plastic motor holder, to the final mass of material which in turn was 

attached to the board. These two blocks were spaced apart so that only short sections of the ‘arm’ 

attached to the motor and the cantilevered piezoelectric could contact each other.  

The motor was then plugged into a circuit using an L293D motor driver and powered by 

an Arduino (Figure 3). The code uploaded to the Arduino allowed the user to change the speed of 

the motor by changing a variable before uploading from the computer. The piezoelectric was 

then wired into a KeySight InfiniiVision DSOX2024A oscilloscope, which produced a graphic 

showing the voltage generated within the piezoelectric over the course of the experiment. The 

data was also saved to a portable drive as a .csv file, which could then be analyzed.  

This testing apparatus was capable of producing a consistent output from the 

piezoelectric. It accomplished this by imparting consistent forces on the tile by swinging its arm 

into the piezoelectric to induce a bending motion. It was capable of doing this by swinging the 

arm back and forth through driving and  reversing the direction of the stepper motor.  

This model also had a number of weaknesses. It was primarily hampered by the materials 

used in its construction. Wood was used for all the solid masses: the two blocks that held the 

piezoelectric tile and the motor in place and the base of the apparatus. The swinging arm was 

built from a leftover 3D printed part. Additionally, the piezoelectric tile was mounted to the 

wooden block using tightly drawn tape. While this was effective in holding the piece in place for 

some time, after enough trials the tape would begin to fray or come undone, and the tile would 

shift slightly. The final, and most important, issue with this design was that it allowed the piezo 

to oscillate back and forth after it was depressed. Once the arm moved off of the tile, the 

piezoelectric would spring back and then vibrate. This would cause bending in the opposite 
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direction, which induced voltage with a negative sign and was not indicative of how the piezo 

would behave if it were actually installed in a floor tile.  

Figure 4. Tinkercad of Second Apparatus 

3.2.2: Second Apparatus Construction 

The most recent iteration of the testing apparatus demonstrates a clear evolution from the 

initial prototype. In this design, instead of striking the piezoelectric tile, the group elected to use 

a rolling mass to displace a section of the piezoelectric and induce bending. The roller was a 

specially designed 3D-printed part that consisted of a shaft with a cylinder attached, off center. 

This way, as the shaft is rotated the cylinder will stick out more or less depending on its angular 

position. This shaft is supported by a 3D-printed plastic frame and driven by a chain connecting 

to a Pololu 37Dx65L 24V Gearmotor. This motor is controlled by an Arduino, but the circuit 

connected to it has now integrated a potentiometer and button that allow the user to shift or set 

the motor speed during operation.  

The piezoelectric is screwed down to the plastic frame and still in a cantilever position. 

The same oscilloscope is used, as well as the same data analysis method. A micrometer was 



29 

incorporated into this design to give precise control over the deflection caused by the rolling 

component. The rolling component could then occupy overlapping space with a slot for 

mounting a piezoelectric component during part of its rotation cycle. This configuration has 

resulted in piezoelectric outputs much closer to what is expected by the team.  

 

Figure 5a. Second Testing Apparatus 
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Figure 5b. Second Testing Apparatus (CAD Model) showing the placement of the piezoelectric 

wafer within the testing rig 

3.3: Lab Experimentation and Physical Testing 

Due to the fact that our project is centered around engineering and development, the 

proposed research design for this project would consist primarily of lab research and conducting 

experiments on varying geometric designs in order to optimize the voltage output. 

In order to collect data on the piezoelectric constants and energy outputs of the materials, 

a motor-driven press was used to apply a specific amount of force to a piezoelectric component 

in order to gauge its effectiveness. The research team produced a testing procedure to standardize 

the process of taking data readings from a number of different piezoelectric wafers with different 

geometric designs. As described previously, this apparatus used a mounted micrometer to force 

an off-center cylinder to push the cantilever down a selected amount. The cylinder was driven by 

a motor which had a rotation speed set and real-time corrected by an Arduino board. 
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The procedure for acquiring data for each wafer is included. Each piezoelectric wafer has 

two leads installed, in order to integrate it into a circuit to take the voltage difference reading. 

The wafer was fastened to the board using screws. For each test, the micrometer was set to a 

particular height and recorded, controlling the displacement experienced by the cantilever. The 

program used to control the test apparatus utilized pulse width modulation (PWM) in order to 

attain particular rotational frequencies for the motor. These frequencies were set and recorded. 

The leads from the wafer were then installed into a breadboard in series with a 220 kΩ resistor.  

Figure 6. Experiment Circuit Diagram 

The probes from the oscilloscope were attached across the resistor to measure the voltage 

difference. This value was recorded for the duration of the test: 1 second for each individual trial. 

These trials were modified to record how the voltage difference changed depending on the 

maximum possible deflection and the motor speed. The micrometer and PWM values were 

changed and recorded between trials in order to produce the full data set.  

3.4: Data Collection Through Simulations 

In order to fully answer our research questions, we needed to consider additional data to 

gauge our own. To use as a basic guide on the accuracy and correct shaping of our results, we 

created a simulation to approximate the output of the second apparatus. 
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Using the following equation, we calculated the maximum deflection for a given applied 

force:  ẟ𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐹𝐹𝐿𝐿3

3𝐸𝐸𝐸𝐸
. In this equation, ẟ𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum deflection, F is the applied force, L is 

the length of the cantilever, E is the Young’s Modulus of the cantilever, and I is the moment of 

inertia for the cantilever. By simulating applied forces over times, we produced graphs of 

deflection vs time, such as the following: 

 

Figure 7. Deflection vs. Time Graph from Simulations 

By applying this to calculate strain, we simulated a graph of the same shape but different 

scale. This was applied to find voltage using the equation: 𝑉𝑉 = 𝑛𝑛𝑝𝑝𝑡𝑡𝑐𝑐𝑑𝑑31𝑌𝑌
𝜀𝜀

𝜀𝜀′ [50]. In this equation, 

V is the voltage, 𝑛𝑛𝑝𝑝 is the transformer constant, 𝑡𝑡𝑐𝑐 is the piezoelectric material thickness, 𝑑𝑑31 is 

the piezoelectric charge constant, Y is the admittance of the circuit, 𝜀𝜀 is the strain, and 𝜀𝜀’ is its 

first derivative with respect to time. 

This produced the following graph of voltage vs time: 

https://www.zotero.org/google-docs/?Mu36W7
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Figure 8. Voltage vs. Time Graph 

 This graph was not accurate to our results, but did serve as a way for us to investigate the 

properties of piezoelectric materials and refine our literature review. Unfortunately, we did not 

manage to produce a viable simulation which matched our results and this was not used in our 

final results. 

3.5: Specialized Subteams for Optimum Research 

Our chosen design involved using the rotating cylinder test apparatus on differently 

shaped piezoelectric material to determine how the shape of the material had an effect on the 

output power of the system. The intent was to determine if a piezoelectric cantilever of a 

particular shape could be implemented in a tile for greater electrical returns via the conversion 

from external mechanical motion. While our literature search returned studies which did such 

based on the mass distribution of the cantilever, these all used consistently sized piezoelectric 

materials which did not change shape to match the cantilever. To expand on this area, we used 

different piezoelectric components which tapered according to distinct mathematical curves. 
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To contribute to this goal we distributed our efforts into three sub-categories, which were 

focused on, to different degrees by separate members of our team, forming subteams. The first of 

these three subteams focused on construction, as data collection would be limited without 

apparatus materials that needed to be created. This included components of the rotating cylinder 

design used to test cantilevers, as well as the cantilevers themselves. Main apparatus components 

were designed in CAD software and 3D-printed, while shaped cantilevers were cut from existing 

piezoelectric cantilevers using a computer-guided water-jet cutting tool. 

The creation of these materials allowed the second team to perform data collection on the 

cantilevers, running tests on the cut piezoelectrics to obtain empirical data. This formed the basis 

of our findings.  

The third of these three subteams focused on modeling, using equations in the literature 

to create a computer-simulated approximation of the output of the piezoelectric tile in our desired 

circumstances. Through this, we could obtain a better idea of the general desired data to expect 

from physical data collection. Additionally, feedback from the data collection team could be 

used to compare whether a certain parameter change resulted in positive or negative progress. 

We could then adjust our approach accordingly by bringing said feedback around the 

construction and data teams to re-evaluate which designs made the most sense. 

3.6: Cantilever Curvature Profiles 

To investigate the effect of a curved taper on the performance per area of a piezoelectric 

cantilever element, three simple mathematical curves were elected as test candidates: spherical, 

exponential, and sinusoidal. These different geometry types would lead to similarly curved but 

uniquely varied cantilevers which would serve to examine how these fine adjustments of shape 
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resulted in potentially different outputs. To create specimens of each curve, rectangular 

piezoelectric cantilevers were cut using a waterjet into tapered curves of each geometric type, 

expanding from a 0.5-inch width to a one-inch width over a length of 2.25 inches. Curves were 

only cut in the length and width dimensions, whereas the thickness of the cantilevers were kept 

at their initial dimension of 0.71mm thick, of which only 0.15mm of the thickness was 

piezoelectric material. Each curve specimen was cut in two variations – concave and convex – in 

order to identify any differing performances based on mass distribution or mechanical stress. 

Additionally, a cantilever was also cut with a linear taper. Finally, an unmodified rectangular 

piezoelectric wafer was tested as a baseline to establish  a control for the experiment. Figure 9 

displays the wafers after each of the described cuts. 
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Figure 9: The eight cuts used in experimentation: linear cut and rectangular uncut (top left), 

concave and convex spherical cuts (top right), concave and convex exponential cuts (bottom 

left), concave and convex sinusoidal cuts (bottom right). 

The curves used were generated manually, by using the known dimensions of the 

rectangular cantilevers to describe mathematical formulae which intersect with desired points on 

the cantilever surface. Once the curves were established mathematically they were transcribed 

into SolidWorks as equation driven curves, then converted into DXF files, a format legible to the 

waterjet cutter.  

To offset the differences in voltage output brought about by the different curve specimens 

containing different masses of piezoelectric, the surface area of each specimen was measured for 
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use in determining a specimen’s maximum voltage per surface area. In this way, each curvature 

variation can be graded by both its total voltage output and its potential density. 

Each specimen was tested at variable impulse frequencies, ranging from 3 to 7 Hz in one-

Hz intervals, at a maximum vertical displacement of 2.333 mm. These frequencies were not 

chosen for any purposes of resonance frequency analysis, but because they approximate the rate 

at which a piezoelectric tile would be stepped on. Additionally, each specimen was tested at 

variable vertical displacements, ranging from 0.333 to 4.333 mm in 1 mm intervals; at a baseline 

frequency of 5 Hz. For each permutation of frequency and displacement, a Butterworth low-pass 

filter was applied to multiple sets of data to reduce noise and isolate the voltage of each impulse. 

3.7: Internal Resistance 

Pursuant to the second research question (How can we optimize the shape and design 

used in order to maximize energy production?), a short test was also conducted with the intent of 

measuring the piezoelectric’s internal resistance in order to approximately calculate the number 

of piezoelectric units wired in parallel to achieve an acceptable charge rate for conventional 

power storage options. To this end, the voltage of a rectangular cantilever was tested at 6Hz and 

2mm displacement, loaded with successively larger resistances. The open circuit voltage was 

also taken under the same conditions, to the end of using Thevenin’s theorem to calculate an 

unmodified cantilever’s internal resistance.  
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Chapter 4: Results 

4.1: Cantilever Measurements 

 The area measurements of each piezoelectric geometry are described in Figure 10. The 

Area value describes the total area of each piezoelectric wafer, including the space for the 

fasteners. The Piezoelectric Area describes the area of the piezoelectric shim within the wafer. 

The Standard shape has not been modified from delivery. The relationship between the two is 

direct. The largest cut wafer was the Exponential Convex. The smallest cut wafer was the 

Spherical Concave.  

 The inherent inaccuracy of the waterjet used to manufacture the piezoelectric components 

(A ProtoMAX abrasive waterjet) is the dominant contributor of error in this measurement. With 

a linear inaccuracy of ±0.127mm, the uncertainty of a cantilever area carved out by this 

instrument can be approximated by applying the linear inaccuracy as the uncertainty of the 

cantilever’s rectangular dimensions: 

𝜎𝜎𝐴𝐴  =  (𝑙𝑙𝑤𝑤) ∗ �(
𝜎𝜎𝑙𝑙
𝑙𝑙

)2 + (
𝜎𝜎𝑤𝑤
𝑤𝑤

)2  

𝜎𝜎𝐴𝐴  =  (25.4 ∗ 71.0) ∗ �(0.127
25.4

)2 + (0.127
71.0

)2  = 9.6 mm2 

Similarly, for the piezoelectric area: 

𝜎𝜎𝐴𝐴  =  (20.8 ∗ 46.0) ∗ �(0.127
20.8

)2 + (0.127
46.0

)2  = 6.4 mm2 

Other measurements, such as the 0.03mm2 measurement error of SolidWorks’ area estimation, 

are several orders of magnitude smaller than that of the waterjet, and thus can be safely ignored. 
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Geometry Area [mm2] Piezoelectric Area [mm2] 

Standard 1805±0.3 956±0.3 

Straight Edge 1444±9.6 837±6.4 

Exponential Concave 1198±9.6 635±6.4 

Exponential Convex 1690±9.6 946±6.4 

Sinusoid Concave 1345±9.6 757±6.4 

Sinusoid Convex 1534±9.6 886±6.4 

Spherical Concave 1321±9.6 739±6.4 

Spherical Convex 1563±9.6 899±6.4 
 

Figure 10. Sectional Area of all piezoelectric component geometries 

 

The difference between the two areas is illustrated in Figure 11. These values were used 

to normalize the power output per unit area.  

 

Figure 11. Comparison of Piezoelectric Area 

Area 
Piezoelectric 
Area 
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4.2: Power Outputs 

Each combination of shape, frequency, and cantilever displacement was successfully 

collected and processed. It was found in the process of denoising that the application of the 

butterworth filter required that the data be slightly offset from the original in order to be 

sufficiently smoothed. Fortunately, the Butterworth filter preserves information of magnitude 

and frequency, which are the most relevant aspects of the data, and thus it was determined that 

the filter was sufficient for the purposes of analysis (Figure 12). Notably, the filtered data still 

retained a nontrivial oscillation visible in the low-voltage range. This oscillation is thought to 

arise from the mechanical motion of the test bed, and poses no obstacle to analysis – the 

oscillation’s magnitude is largely negligible (on the order of 10-2 times smaller than the primary 

signal), and will not adversely affect calculations of energy or average power. 

After processing, the voltage measurements were used alongside the known circuit 

resistance value of 220 kΩ to calculate power at each time step, which in turn was used to 

determine peak power output and total average power over time (Figure 13). 

 
 

Figure 12: Comparison of raw data against the same data processed with a Butterworth Filter. 
Note the slight phase difference. 
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Figure 13: Processed data of concave cantilever voltage over time at 6Hz and 2mm 
displacement (above) against the calculated power in milliWattsfor each profile (below). 
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Figure 14: Processed data of convex cantilever voltage over time at 6Hz and 2mm displacement 
(above) against the calculated power in milliWattsfor each profile (below). 

 
 This data forms a reasonable basis for our findings, but is certainly different from how 

data would exist in a practical context. In contrast to our fairly smooth voltage variations, direct 

input from pedestrians would result in graphs which, while comparable in relative magnitude, 

would be less consistent in time and repetition. The rolling cylinder’s impact is shorter than that 

of a footstep and has a force direction normal to the cantilever, whereas a footstep would have 

different force vectors during different points of the step. Additionally, in a practical context, we 

would see two major impacts per footstep: one when the foot first lands and one when it pushes 

back off the ground, each with their own force vector. This would cause the torque applied to the 



43 

cantilever to act slightly differently and at a different, but scaled, magnitude. However, the 

idealized environment does not minimize the comparisons of voltage and resulting analysis of 

power between geometries for piezoelectric tiles. Additionally, the mechanism for striking the 

piezoelectric behaves differently than a real-world impulse from a foot. The duration for the 

force was much shorter than in real life, and the forces would not be nearly as regular or 

consistent as the test.  
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Chapter 5: Analysis 

5.1: Cantilever Geometry Comparison 

After analysis of the features of each of our data sets, we computed the peak and average 

power values of each of the differing geometries and compared them. The peak power and 

average power for each geometry was compared for unmodified values, and then for their value 

normalized by the piezoelectric areas determined in Chapter 4.1. 

Our peak power values, shown in Figure 14, show that the spherical convex and 

sinusoidal convex designs exceed the rectangular shape for this parameter despite containing less 

piezoelectric material. Additionally, the spherical concave design also shows well above 

expected peak power for its cut, exceeding the power output of the linear design but failing to 

exceed the output of the rectangular design. Meanwhile, the exponential concave, sinusoidal 

convex, and exponential convex designs all perform at lower power than both control designs of 

linear and rectangular. These notions are reinforced by the area normalized analysis of Figure 15, 

showing that outputs of the spherical and sinusoidal convex are roughly equivalent. 

This indicates the action of a more optimal strain distribution exploited in these particular 

shapes, which would focus the distortion of the cantilever at a single focal point near the 

fulcrum. The spherical convex and sinusoidal convex cantilevers in particular are able to exceed 

the output of either basic cantilever geometry, leading to the possibility that these are more 

optimal geometries than conventional piezoelectric cantilevers. 
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Figure 15: Peak Values of Each Piezoelectric Cantilever Curvature 

 

Figure 16: Peak Values of Each Piezoelectric Cantilever Curvature, Area-Normalized 

 Analysis of the average power over one-second intervals reveals a similar pattern. For 

both the standard and area normalized analyses in Figure 17 and Figure 18, the same 

relationships arise with the exception of a more apparent difference in the power output of the 

spherical convex and sinusoidal convex: This suggests the spherical concave cantilever profile 

produces wider voltage peaks. Numerical analysis indicates the spherical convex design is the 
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most effective by a significant margin, producing 124 percent the power of the unmodified 

rectangular piezo. 

 

Figure 17: Average Power Output of Each Piezoelectric Cantilever Curvature 

 

Figure 18: Average Power Output of Each Piezoelectric Cantilever Curvature, Area-Normalized  
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Cantilever Percent Power Output of Rectangular 

Exponential Concave 0% 

Spherical Concave 85.65% 

Sinusoidal Concave 2.88% 

Exponential Convex 22.70% 

Spherical Convex 124.37% 

Sinusoidal Convex 117.37% 

Linear Taper 50.57% 

Figure 19: Ratio of Modified and Unmodified Power Outputs. 

 

Figure 20: Piezoelectric Area vs Average Power for each Curvature 
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5.2: Internal Resistance Measurement 

The variable resistance measurements were collected and smoothed with the same 

method outlined above, and the peak-to-peak voltage maximum of each resistance value was 

measured as a consistent point by which the Thevenin resistance can be calculated. The applied 

load was graphed against the associated peak voltage, as shown in figure 21. 

 

Figure 21: Load resistance for the peak value of a rectangular cantilever driven at 6Hz with 

2mm displacement. The small load behavior line has slope Isc, the short circuit current. 

Taking the slope between the two data points of lowest load where a voltage peak was 

still discernible produces a calculation for the short circuit current Isc =  8.18 * 10-5 amperes, 

which was then applied to Ohm’s law alongside the measured open circuit voltage to estimate 

the internal resistance of one unmodified cantilever: 

𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝐼𝐼𝑠𝑠𝑠𝑠

 =  10.77
8.18 ∗  10−5  =  131627 𝑂𝑂ℎ𝑚𝑚𝑚𝑚 

This value of 131 kΩ aligns with expectations based on the insulative nature of PZT, 

which is a ceramic material. The metric indicates that an application of this method is best 

applied at scale, across a large surface containing a multitude of PZT cantilevers wired in 
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parallel. In order to match the internal resistance of a common battery, for example, 146,000 of 

these cantilevers would need to be wired together, for a total of 140 square meters of 

piezoelectric. Keeping in mind that a surface does not have to be plated in piezoelectric to 

achieve such a goal, and that the cantilevers would be spread across a comparatively large area, 

this suggests a very large floor space required to effectively implement this technology. 

This metric allows piezoelectric energy harvesting to be immediately viable in areas of 

large floor space and high traffic, such as building atriums, but restricts its effective use in 

smaller areas such as corridors or public transit stations. Further development into low-resistance 

options for such an application would allow for more varied options.  
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Chapter 6: Discussion 

6.1: Comparison to Existing Literature 

 Pradeesh et Al, as previously reviewed, places an emphasis on the efficiencies associated 

with linearly tapered shape. In that publication, inverted tapered cantilevers were manufactured 

and affixed with sheets of PZT ceramic on their surface. The resulting harvesters demonstrated a 

dramatic amplification of p-p voltage when the cantilever was inversely tapered in width, and 

even more so when the tapered in both width and thickness. [41] 

 Notably, the linear cantilever in this study demonstrated a marked decrease in voltage 

output: the inversely-tapered linear profile produced only 50.57% of unmodified voltage output, 

in apparent contradiction to the above paper. This is likely due to differences in methodology 

regarding the manufacture and positioning of the piezoelectric: While Pradeesh et al produced 

their own cantilevers of solid aluminum and affixed a piezoelectric element to its surface, this 

paper used premade piezoelectric transducers cut to shape, which removes some of the 

embedded piezoelectric element. Considering that the majority of the material removed to 

produce an inverted taper is located at the base of the cantilever, this may explain the 

discrepancy. In addition, the manufacturing process for these tapers has been known to damage 

the piezoelectric on occasion, as can be seen by the performance of the exponential convex 

curve. It is possible that this has also occurred in the linear cantilever: a hairline fracture may be 

the culprit behind halving the linear taper’s performance. 

 Nonetheless, the performance of the convex cantilevers supports the assertions drawn 

from existing literature. Prior publications discussed the correlation between the shape and peak 

power of the cantilever, and suggests that inverted tapers produce higher power outputs 

https://www.zotero.org/google-docs/?YXWTF7
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compared to their regularly tapered counterparts, showing increased power outputs as high as 

45%. Comparing this existing literature to our study, supports the conclusion that the concave 

and convex spherical shapes, which can be compared to prior knowledge, exhibit increased peak-

to-peak voltage. This suggests the need for future research into this amplification method. 

6.2: Future Research Potential 

As per our analysis, altering the shape of the piezoelectric cantilever does, in fact, have 

the potential to impact the power output of the cantilever. Moreover, since our cantilevers were 

all cut from a controlled rectangular shape and the cuts resulted in both positive and negative 

differences in power output, there is clearly an optimum to be found. One avenue of further 

research touches on the investigation of more shapes to discover said optimum. This definition of 

optimum changes based on the required application. For our potential future investigation of 

piezoelectrics in floor tiles, we would need to be maximizing power output and durability, while 

minimizing the surface area and cost of the cantilever.  

In addition, we would want to ensure that further testing works to improve upon some of 

the drawbacks that we encountered during our experimentation. For instance, we would want to 

find a safer means of creating curvatures to test with. As mentioned, we used a subtractive 

process of waterjet cutting to take an uncut piezo wafer and shape it into our desired curvatures, 

but this left room for potential damage. One idea to remedy this issue is to have the cantilevers 

custom made by a third party so as to eliminate the risk of damage. Moreover, while we tested 

our cantilevers in low frequency environments, we hypothesize that the output of the cantilevers 

would be higher closer to their respective resonance frequencies. Our cantilevers were tested at 

approximate footstep frequencies and not at specific resonance frequencies of the material. As 
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such, in future testing, we would want to take the preliminary step of empirically determining the 

resonance frequencies of the cantilevers being tested. We could then use the resonance 

frequencies of the cantilevers as the baseline frequency and observe how the output of the 

cantilevers change as we move the testing frequency away from its resonance frequency. 

Another avenue of research to consider is that of magnetic amplification. While it was 

not a path that was explored by PISO, we did discover through our literature review that the use 

of magnets can have a positive effect on the energy harvesting capabilities of piezoelectric 

cantilevers. Moreover, there have been prototypes of piezoelectric floor tiles that have 

implemented magnets. This use is something we strive to further show to be useful and feasible 

using varyingly shaped cantilevers, so as to add to our current results. 

While PISO has added to the field of knowledge in piezoelectric energy harvesting, there 

are still steps that need to be taken to design a fully optimized piezoelectric tile. Our project has 

observed the power output of varied cantilever shapes, but there are other factors that need to be 

considered. Namely, information such as energy yield, energy lost to nonconservative forces, the 

damping effect of hysteresis, the maximum acceptable “give” of the tile, durability of the tile, 

pedestrian traffic patterns, and the significance of Curie’s Law will all need to be considered, just 

to name a few. Clearly, this leaves a lot of work carved out. As such, it constitutes another 

avenue of further research. The investigation of each of these factors independently would need 

to be completed prior to the investigation of all of them together. 

6.3: Final Thoughts 

 This paper outlines the results of an investigation into the effect of a cantilever’s shape on 

its strain distribution, and by extension its effectiveness as a piezoelectric energy harvester. Eight 
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cantilevers were tested: One unmodified rectangle, one outwards taper, and six more curved 

outwards tapers following spherical, sinusoidal, and exponential curves. For each of the three 

curves, a concave and convex variant were produced. Each of these cantilevers was tested under 

a range of displacement and frequency values by applying discrete impulses to it using an 

adjustable camshaft, and the resulting voltages were analyzed and compared. 

 Of the seven modified cantilevers produced, two were notable for having a higher output: 

The convex spherical and convex sinusoidal curves. These curves amplified the average power 

output of the cantilever by a factor of 124% and 117%, respectively, significantly increasing 

power even while portions of the piezoelectric element were cut away in the manufacturing 

process. Notably, these spherical and sinusoidal curves were the most similar to one another in 

shape among the tapers tested, suggesting the involvement of some mechanical or electrical 

phenomenon which arises in a certain character of tapered cantilevers. 

 The results outlined in this paper are not conclusive. The sample size for each type of 

taper was limited by the availability of manufacturing equipment, and damage to the 

piezoelectrics during manufacturing prevented full exploration of the capabilities of all seven 

tapers. Nonetheless, the pattern suggested by the boosted performance of two similarly-shaped 

curved cantilevers indicates there may be an opportunity for further research in this vein. 

Research into the maximally-amplifying curve profile for a piezoelectric cantilever would not 

only allow for more efficient energy harvesting, but would also produce more sensitive 

piezoelectric sensors and actuators.  
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Appendices 

Appendix A: Glossary  

Arctic Amplification - the phenomenon that occurs due to the excess of carbon dioxide in the 

atmosphere; any change in the planet’s net temperature balance will have a pronounced effect in 

the poles 

British thermal unit - a unit of heat, formally defined as the amount of heat needed to increase 

the temperature of a single pound of water by one degree fahrenheit 

Coupling Mode - a method of examining the interconnectedness of vibrational systems, either 

mechanical, electrical, or more, within time or space  

Intermittency - is capable of stopping for certain periods of time and then alternately ceasing 

and starting once again 

Dynamo - an electrical generator that utilizes electromagnetism in order to create direct current 

Magnetic Induction - the creation of voltage in an electrical conductor within a magnetic field 

Perovskite Structure - A crystal with a similar crystalline structure to CaTiO₃, also known as 

Perovskite 

Piezoelectric Charge Coefficient - The conversion rate between newtons of force to coulombs 

of charge 

Photovoltaic Cells - also known as a solar cell, a device that transforms solar energy, or the 

energy from light, into electrical energy utilizing the photovoltaic effect 
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Piezoelectric Effect - the ability of piezoelectric materials to create electricity due to mechanical 

stress 

Poling Direction - The direction of positive polarization in a piezoelectric material 
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Appendix B: Budget 

 The following table details the purchases made for the experimentation and construction 

completed throughout the course of Team PISO’s research. Acquisition of monetary funds 

through grants, awards, and fundraising efforts are noted chronologically in Appendix C: 

Timeline. 

Material Price Quantity Purchase Date Expenditure 

Piezoelectric Bending Transducer $133.10 5 2021-10-02  $665.50 

Locking Positioning Tables with 
Micrometer $435.00 1  2021-10-26 $435.00 

Ball Bearings $6.25 2  2021-10-26 $12.50 

18-8 Stainless Steel Button Head 
Hex Drive Screw (1/4"-20 Thread 
Size, 1-1/4" Long) 

$5.48 1  2021-10-26 $5.48 

18-8 Stainless Steel Button Head 
Hex Drive Screws (1/4"-20 Thread 
Size, 1/2" Long) 

$5.57 1  2021-10-26 $5.57 

18-8 Stainless Steel Button Head 
Hex Drive Screw (1/4"-20 Thread 
Size, 3/4" Long) 

$6.95 1  2021-10-26 $6.95 

Black-Oxide Alloy Steel Socket 
Head Screw (0-80 Thread Size, 
7/8" Long) 

$13.64 1 2021-10-26  $13.64 

18-8 Stainless Steel Dowel Pin $13.52 1 2021-11-05 $13.52 

Positioning Table with Micrometer 
(Locking, 30 lbs. Static Load 
Capacity) 

$438.67 1 2021-12-07 $438.67 

Black-Oxide Alloy Steel Socket 
Head Screw (10-32 Thread Size, 
1/2" Long) 

$13.17 1  2022-02-17 $13.17 
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Roller Chain, 2ft $9.28 1 2022-03-08 $9.28 

Connecting Link for Single Strand 
Roller Chain $0.95 10 2022-03-08 $9.50 

Aluminum Flanged Screw-to-
Expand Insert $9.42 1 2022-03-08 $9.42 

10:1 Metal Gearmotor 37Dx65L 
mm 12V with 64 CPR Encoder 
(Helical Pinion) 

$39.95 1 2022-03-08 $39.95 

Arduino Uno Rev3 $23.00 3 2022-04-21  $69.00 

Piezoelectric Bending Transducer $266.20 10 2022-11-03 $2,662.00 

Charger Connector 12v $20.99 2 2023-02-14 41.98 

Ni-MH Rechargeable Battery 12V 
2000mAh $21.68 1 2023-02-14 $21.68 

Total  $4472.81 
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Appendix C: Timeline 

Spring 2020: 

● Team PISO officially formed through the Gemstone Honors Program at the University of 

Maryland (UMD) 

● The following UMD faculty assigned as university resources for the research team: 

○ Mr. Rick Blanton, Director of Technical Operations for the A. James Clark 

School of Engineering 

○ Ms. Nevenka Zdravskovska, Head of the STEM Library 

● Began biweekly online meetings with the team, and with team mentor Rick Blanton due 

to COVID-19 pandemic  

Fall 2020: 

● Applied for and obtained the Maryland Sea Grant (awards NA14OAR4170090 and 

NA18OAR4170070) from National Oceanic and Atmospheric Administration, U.S. 

Department of Commerce 

Spring 2021: 

● Unable to conduct in-person testing due to Covid-19 pandemic, so started to construct 

experiment plans and make a plan for ordering materials, and brushed up on matlab skills 

for simulation preparation 

● Participated in lab training in anticipation of apparatus construction 

● Proposed thesis on February 24, 2021 online with the following UMD faculty in 

attendance: 

○ Mr. Rick Blanton, Team PISO Mentor 

○ Dr. Romel Gomez, Professor of Electrical and Computer Engineering  
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○ Dr. David J. Lovell, Director of the Gemstone Honors Program 

○ Dr. Kristan Skendall, former Associate Director of the Gemstone Honors 

Program 

● LaunchUMD Giving Day on March 3, 2021; raised $5,450 in our campaign as well as an 

extra $500 for reaching 100 donors, and $250 for receiving the most donations that day 

(from LaunchUMD) 

● Received $5000 from the University Sustainability Council in a Sustainability Fund 

Grant on March 5, 2021 

Autumn 2021: 

● Commencement of in-person meetings and discussions as Covid-19 restrictions at UMD 

began to subside 

● Explored experimentation plans and test rig concepts, settled on first test apparatus 

● Modeled and printed main components, as well as ordered the required materials for 

construction of the first testing apparatus 

● Presented at the Do-Good Showcase; won the Panelist’s Award of $500 from the Do 

Good Institute for our presentation on social impact 

Spring 2022: 

● Presented a team poster detailing our progress at Undergraduate Research Day on April 

27, 2022 

Autumn 2022: 

● Piezoelectric component manufacture 

● Data collection with custom curvatures 

● Data analysis code development. 
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Spring 2023: 

● Finalizing data analysis 

● Thesis conference on April 14, 2023 with the following discussants in attendance: 

○ Mr. Rick Blanton, Team PISO Mentor 

○ Dr. Xi Chen, Postdoctoral Researcher, Department of Electrical Engineering and 

Materials Science and Engineering, Materials Research Institute, The 

Pennsylvania State University 

○ Dr. John Cumings, Professor of Materials Science and Engineering, UMD 

○ Dr. Romel Gomez, Professor of Electrical and Computer Engineering, UMD 

○ Dr. Isabel Lloyd, Undergraduate Program Director of Materials Science and 

Engineering, UMD 

○ Dr. David J. Lovell, Director of the Gemstone Honors Program 

● Citation ceremony on May 17, 2023, marking the completion of the Gemstone Honors 

Program  
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Appendix D: Equity-Impact Analysis 

Team PISO’s research and the significance of identifying a more efficient method of 

collecting energy extends past its potential environmental effects. Such discoveries would affect 

societies and economies as a whole through accessibility, and by extension, the price of energy. 

Ideally, the optimization of piezoelectric energy generation would make energy cheaper for those 

living wherever piezoelectric tiles are put into practice, and thus will indirectly benefit people of 

the lower class by reducing their expenses. 

The concept of a piezoelectric floor tile also brings about a new dimension of societal 

impact due to its direct contact with the public. The nature of such a design requires the 

interaction of pedestrians, requiring the consideration of accessibility, comfort, and durability. 

Depending on the requirements of a specific piezoelectric tile design and the implementation of 

that technology, the terrain underfoot created by the tiles may be more malleable than wood, 

stone, or concrete. This would affect people using wheeled vehicles, such as wheelchairs, bikes 

or powered scooters, by making the terrain slightly harder to cross. However, it must be noted 

that this impact is dependent on many conditions which can be compensated for, and is thus 

avoidable.  

It is essential for the guidelines set by The Americans with Disabilities Act (ADA) to be 

integrated in the design considerations of any piezoelectric tiles. ADA laws specify the required 

distance between floor tiles and the maximum amount of elevation between levels to ensure 

accessibility for various forms of transportation. While these restrictions may be relevant 

towards the actual production of implementable tiles, as we have investigated the optimization of 
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the shape of piezoelectric ceramics inside of them, thickness of the piezoelectric component tile 

seems to have a minimal effect on the full size of the tile. 

Additionally, piezoelectric tiles can be an incentive to encourage walkable urbanism, 

which is measured by the amount of errands that can be accomplished on foot. The prospect of a 

publicly available method of generating electricity for the community using pressure that would 

be generated anyway by pedestrians would be a source of motivation for those living in the 

affected areas to walk more. Walkable urbanism, while improving public health and decreasing 

the amount of pollution generated by other modes of transportation, is also correlated with higher 

per-capita GDPs. According to an analysis conducted by George Washington University, 

encouraging walkable urbanism is a potential strategy for regional economic development. 

Hence, piezoelectric tiles can be an important factor in contributing towards economic 

development.  

However, this support towards economic development also has the potential to bring 

about the displacement of lower-income areas as a consequence of the increasing land value. 

Thus, implementation of piezoelectric tiles in urban areas could lead to a higher rate of 

gentrification. This would disproportionately affect the resident lower-class population by raising 

rent prices beyond what some people can afford, requiring many of them to find a home 

elsewhere. Thus, widespread use of piezoelectric tiles could contribute to a rise in homelessness 

and a widening of the wealth gap. 

It is important to note all potential effects of implementing this technology, including the 

negative consequences that are bound to occur, as keeping them in mind could allow us to 

proactively avoid them. That being said, because this technology is relatively new and not as 
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popularized as other alternative forms of energy generation, the unknowns can seem to 

overshadow the existing literature. Through the research conducted by our team, we recognize 

the potential impacts of piezoelectric ceramics and the existence of a future society that can 

benefit from its properties with additional research and studies.  
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Appendix E: Additional Results 

1. Exponential Concave 

a. Effects of varying displacement on voltage output for exponential concave.  

 

b. Effects of varying displacement on power output for exponential concave.  

 

c. Effects of varying frequency on voltage output for exponential concave.  

 

d. Effects of varying frequency on power output for exponential concave.  
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2. Exponential Convex 

a. Effects of varying displacement on voltage output for exponential convex.  

 

b. Effects of varying displacement on power output for exponential convex.  

 

c. Effects of varying frequency on voltage output for exponential convex.  
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d. Effects of varying frequency on power output for exponential convex.  

 

3. Spherical Concave 

a. Effects of varying displacement on voltage output for spherical concave.  

 

b. Effects of varying displacement on power output for spherical concave.  
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c. Effects of varying frequency on voltage output for spherical concave.  

 

d. Effects of varying frequency on power output for spherical concave.  

 

4. Spherical Convex  

a. Effects of varying displacement on voltage output for spherical convex.  
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b. Effects of varying displacement on power output for spherical convex.  

 

c. Effects of varying frequency on voltage output for spherical convex.  

 

d. Effects of varying frequency on power output for spherical convex.  
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5. Sinusoid Concave 

a. Effects of varying displacement on voltage output for sinusoid concave. 

 

b. Effects of varying displacement on power output for sinusoid concave. 

 

c. Effects of varying frequency on voltage output for sinusoid concave. 
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d. Effects of varying frequency on power output for sinusoid concave. 

 

6. Sinusoid Convex 

a. Effects of varying displacement on voltage output for sinusoid convex. 

 

b. Effects of varying displacement on power output for sinusoid convex. 
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c. Effects of varying frequency on voltage output for sinusoid convex. 

 

d. Effects of varying frequency on power output for sinusoid convex. 

 

7. Linear  

a. Effects of varying displacement on voltage output for linear.  
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b. Effects of varying displacement on power output for linear. 

 

c. Effects of varying frequency on voltage output for linear. 

 

d. Effects of varying frequency on power output for linear. 
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