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ABSTRACT 

 Rosas, Adriana, Numerical Simulation of Vibration - Based Piezoelectric Energy Harvester for 

Shape Comparison. Master of Science (MS), December, 2022, 42 pp., 3 tables, 19 figures, 

references, 68 titles. 

This work investigates the shape optimization of piezoelectric energy harvesters 

subjected to mechanical vibration using ABAQUS/Standard software. Three piezoelectric energy 

harvesters with different dimensions but the same areas were created to identify if model 

dimensions have an impact on the output voltage. The models were tested at different speeds to 

create an output voltage. Once the output voltages were obtained, the results were compared with 

each other to find if shape optimization on piezoelectric energy harvesters has an impact on 

scavenging energy from mechanical vibrations.  
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CHAPTER I 

 

 

INTRODUCTION 

 

 

A piezoelectric energy harvester (PEH) is a self-power source for wireless sensor 

network system. The piezoelectric material is known for converting mechanical vibration into 

electrical energy; this material can cease the increment of fossil fuels by producing renewable 

and clean energy from mechanical vibrations. PEHs can be embedded on pavement, harness 

mechanical vibration from vehicles, and convert it into energy. This energy harvesting technique 

can use the wasted energy from vehicles and use that same energy to power a structure health 

monitor, light poles, or electric snow-melting machines embedded in the pavement. Even though 

PEHs depend on external physical movement to create energy, the design of the PEH is essential 

to harness the most energy possible. The shape, area, length, thickness, and width can vary the 

energy harvested from a PEH.  

 

1.1 Problem Statement 

 

 

Up to the present moment, the most used energy source is fossil fuels (BP, 2021). Since 

pavement represents most of the transportation section, some energy-harvesting technologies like 

solar energy systems are already integrated into the pavement to extract energy, but this system’s 

drawback is its dependency on weather conditions (Guldentops, Nejad, Vuye, & Rahbar, 2016; 

Zhou, Z. et al., 2015). According to the report Key World Energy Statics 2015 conducted by
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International Energy Agency in 2013, transportation shared 63.8% of the world’s oil 

consumption (Xiong & Wang, 2016). With the continuous growing demand in the automobile 

industry and the significant changes in the transportation highway system, the available vibration 

energy has increased (Cho et al., 2019; Lee & Choi, 2014; Tan, Zhong, Lv, Ouyang, & Zhou, 

2013; Wang, C. H., Wang, & Li, 2016). According to a simulation done by (Delorme, 

Karbowski, & Sharer, 2010), about 11-19% of the energy gained from burning gasoline is lost on 

tires/rolling resistance when a class 8 truck travels at a speed of 105 km\h with 10-100% of its 

maximum loading. When a vehicle travels on pavement, it leaves a transformation; this is 

because some of its power supplied by burning gasoline is transformed into deformation and 

vibration. A record of the Highway Statistics 2012 prepared by the Federal Highway 

Administration, there are 253,639,386 registered vehicles in the United States; according to 

FHA, the average distance traveled by a single vehicle is 18,728 km, and 2514 L of fuel 

consumption per vehicle (Highway statistics 2012. federal highway administration.). Assuming 

that the average energy loss of a vehicle on tires is 15% (Delorme et al., 2010) and that the 

equivalent of energy of one liter of petrol gasoline is 3.478 x 10^7 J; the total energy wasted 

annually by a vehicle in the United States on tires is about 

3.478 ×  10
 � �⁄  ×  2514� ×  253,639,386 ×  15% ≈ 2.218 × 10�� �� 

Implementing new technology on roads to harvest this part of the energy will benefit the 

current energy harvesting ecosystem. If only 1/1000 of this energy lost on roads could be 

captured, it would be enough to supply about 6 million houses in the United States (Xiong & 

Wang, 2016). There is a study of conductive asphalt and piezoelectric material layers where its 

power-generation characteristics were verified. According to this study, an output voltage of 7.2 

V was generated with a piezoelectric module used in actual roads (Guo & Lu, 2017a). In another
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 study, where road energy collection was also used, a traffic signal indicator lamp was 

constructed based on a piezoelectric module (Najini & Muthukumaraswamy, 2016). As well as 

piezoelectric modules that have helped with energy-harvesting, asphalt pavement technologies 

have been used recently to convert vibrational energy from roads (Moure et al., 2016; Wang, 

Chaohui, Zhao, Li, & Li, 2018; Zhang et al., 2016). This research aims to create an optimal PEH 

shape capable of absorbing vibrational energy.  

 

1.2 Research Objective 

 

 

To create more sustainable and clean energy sources in the future, more advanced 

technologies such as PEH need to be created. The energy harnessed by PEH from vehicle 

vibrations is an alternative to decrease the current environmental problem of harmful chemicals. 

This technology is already in use and has been proven to work. This research aims to analyze and 

study previous research about PEHs model data to design an optimal shape capable of collecting 

significant amounts of energy from vehicle vibrations. The results from this study should help 

with the understanding of how PEH works and the benefits these energy harvesters (EH) are for 

the environment. 

 

1.3 Method and Scope of Work 

 

 

 This paper utilizes ABAQUS/Standard software to create an optimal design for the PEHs. 

ABAQUS/Standard is a flexible tool for finite element modeling (FEM). This software is used to 

model and analyze mechanical components and assemblies; also, it visualizes the FE analysis. 
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ABAQUS has a series of steps that need to be followed to create a model. The software allows 

changing the procedure choice to be analyzed from step to step. Since the state of the model is 

updated throughout all analysis steps, the effects of previous history are always included in the 

response in each new step (ABAQUS Online Documentation, 2006). Allowing to change the 

procedure choice from step to step makes this software a flexible tool to model and analyze.  

 This paper includes a literature review on the origins of PEH, piezoelectric materials, 

piezoelectric effect principles, and PEH’s shape optimization. Also, an explanation of FEM and 

some PEH models created in ABAQUS is presented. This study focuses on the performance of 

PEHs under different design factors at different velocities. 
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CHAPTER II  

 

 

LITERATURE REVIEW FOR PIEZOELECTRIC ENERGY HARVESTING 

 

 

2.1 Introduction  

 

 

This chapter covers piezoelectric history, materials, its properties, and shape optimization 

on PEH throughout the years. It will begin with a brief overview of the most important events in 

piezoelectricity throughout its history; like the discovery of the piezoelectric effect, the process 

on how to create piezoelectric ceramics, its constitutive equations, and its advancements in how 

the shape of PEHs have changed throughout the years with the aimed to design a shape capable 

of absorbing the most energy possible. 

Even though piezoelectricity is a well-known subject in today’s professional community, 

it was not pervasive back in 1880. The piezoelectric effect has a tremendous impact on today’s 

society to the point that almost if not every person in the world possesses a piezoelectric device. 

One of the most used and well-known devices is wristwatches; all wristwatches and clocks that 

have quartz as a material are based on piezoelectricity. Also, some of the most common devices 

that employ the piezoelectric effect are transducers, sensors, pumps, and motors. 

 

2.2 Background 

 

Piezoelectricity comes from Greek; the word “piezo” is defined as “to press” or 

“pressure”. Therefore, combined with the word “electricity”, it means electricity generated from 
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pressure. The discovery of the piezoelectric effect was reported to the French Academy of 

Science on August 2, 1880, by the brothers Jacques and Pierre Curie (Arnau & Soares, ; Duck, 

Francis, 2009; Katzir, 2006). The Curie brothers discovered that if they compressed asymmetric 

crystals along their hemihedral (semi-symmetric) axes, positive and negative charges would 

appear on opposite faces of the crystal and disappear when the pressure ceases. Some of the 

crystals the Curie brothers assigned at that time as materials capable of displaying surfaces 

charged when mechanically stressed were quartz, cane sugar, topaz, Rochelle salt, and 

tourmaline. 

 The direct piezoelectric effect was credited to the Curie brothers, Figure 1. However, 

they did not discover the converse piezoelectric effect. It was not until 1881 that mathematician 

Gabriel Lippmann demonstrated that a converse piezoelectricity effect should exist. According to 

Lippmann, applying an electric field to a crystal should cause a material deformation based on 

the fundamental laws of thermodynamics (Uchino, 2017). The new theory proposed by 

Lippmann caught the Curie brothers’ attention; the brothers tested Lippmann’s theory and 

confirmed that the theory about the converse effect was correct, Figure 2. Also, the Curie 

brothers devised the piezoelectric quartz electrometer; this device was capable of measuring faint 

electric currents. Pierre and Marie Curie then used this device to measure radioactivity by radium 

(Duck, F. A. & Thomas, 2022). 

Even though the piezoelectric effect was a significant advancement in science, it went 

unnoticed for several decades. It was until World War I, 1914, when the piezoelectricity effect 

was considered a credible scientific activity (Moheimani & Fleming, 2006). Due to the 

catastrophic events at that time, a real investment to accelerate ultrasonic technology was made 

to find German U-boats underwater. In February 1917, Dr. Paul Langevin thought that maybe 



 7

quart’s piezoelectric properties could be successfully exploited initially to receive and transmit 

ultrasound, and after some experiments, it was concluded that his theory was correct (Duck & 

Thomas, 2022). The discovery was implemented to build an ultrasonic submarine detector; 

piezoelectric quartz crystals were subjected to alternating voltage to make the sonar transmitter 

vibrate; the vibration of the sonar could send ultrasound waves through the water and measure 

the time it took these waves to bounce back from an object and revealed how far away it was.  

Fig 1. Direct Piezoelectric Effect: a) at applied compressive stress b) at applied tension (Dineva 

et al., 2014) 

Fig 2. Inverse piezoelectric effect at applied electric field (Dineva et al., 2014) 

Further investigations on piezoelectric materials (PM) were conducted at that time; one 

discovery that made an impact on PMs investigations was the discovery of the phenomenon of 

ferroelectricity by Joseph Valasek (Valasek, 1921). Ferroelectricity on a material is a polar 
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dielectric that exhibits two or more phases and has a domain structure in which an applied 

electric field can change polarization (Whatmore, 2017). Rochelle salt was the first ferroelectric 

material; unfortunately, it was discovered that it loses its ferroelectric properties if the 

composition changes. The discovery of synthetic materials whose piezoelectric and dielectric 

were 100 times higher than the materials with natural piezoelectric led to its massive 

manufacturing. 

Piezoelectricity availability on the market was until 1945 when it was realized that the 

mixed oxide compound barium titanate (BaTiO3) was a ferroelectric capable of easily being 

fabricated at a low price; also, its capability of making piezoelectric with constants 100 times 

higher than natural materials by electric poling. After the piezoelectric effect was a successful 

application between the two World Wars, piezoelectric ceramics were implemented in many 

applications. Inkjet printers, medical imaging, and lighters are some of the most common devices 

used by society; all these devices were created based on the piezoelectric effect. 

2.3 Piezoelectric Materials 

Piezoelectricity on a material depends on two factors: the material's atomic structure and 

how electric charge is distributed within it. There are different types of piezoelectric materials, 

some of them form naturally, and others are manufactured. Natural piezoelectric energy 

materials are crystal materials, like quartz (SiO2), Rochelle salt, topaz, and Tourmaline-group 

minerals; also, there are organic substances that have piezoelectricity, like bone, DNA, and 

enamel; Figure 3 shows organic materials. Crystals that are quartz analogs, ceramics, polymers, 

and composite are non-organic PM (Dineva et al., 2014).  
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Fig 3. Natural Piezoelectric materials (Manbachi & Cobbold, 2011) 

It can be found that many materials are crystalline, meaning that these crystal materials 

(CM) are made of atoms or ions arranged in an orderly three-dimensional pattern. The

characteristic of that pattern is that it has a building block called a unit cell. One characteristic 

that almost all non-piezoelectric CMs have is that the atoms in their unit cells are distributed 

symmetrically around the center point, but CMs that do not possess a center of symmetry can be 

classified as CMs with piezoelectricity (Tilley, 2020). 

A wide variety of crystals exist; they can be divided into seven groups associated with the 

elastic nature of the material: triclinic, monoclinic, orthorhombic, tetragonal, trigonal, hexagonal, 

and cubic (Whatmore, 2017), shown in Figure 4. Out of the thirty-two classes of crystals, only 

twenty possess piezoelectric properties. Ten are polar; for these, there is no need for mechanical 

stress to have polarization; this can happen due to a non-vanishing electric dipole associated with 
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their unit cell. The other ten crystals are not polar, meaning that polarization only occurs when 

there is a mechanical force applied (Dineva et al., 2014; Kong et al., 2014).  

Figure 4. The seven groups of crystals (KHI, 2007). 

The mechanism in which these PMs operates is that since they possess a non-

centrosymmetric crystal structure, they are able to generate displacement between anions 

(negatively charged) and cations (positively charged); in many molecules, the separation of these 

is known as a dipole (a pair of equal and oppositely charged or magnetized poles separated by a 

distance) moment and typically shown as a vector extending from negative charge to positive 

charge (Manbachi & Cobbold, 2011). The vector summation of all the dipole moments per 

volume of the crystal is the dipole density for a medium electric polarization (Birkholz, 1995). 

Typically, piezoelectric crystals are electrically neutral, meaning that the electric charges are 

balanced, as shown in Figure 5 a, but if a PM is stretched or squeezed, the structure deforms, as 

shown in Figures 5 b and c. Atoms will shift along a certain direction, and due to the asymmetry 

in charge distribution, the dipoles will no longer cancel each other out, causing a net negative 

charge and a net positive on the other side. A balanced charge is distributed through all the 

material, and a negative and positive charge collects on opposite faces of the crystal, generating a 

voltage able to drive electricity through a circuit, as shown in Figure 6.  
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Figure 5. Dipole of Piezoelectric effect in Quartz a) no stress, b) applying tension, c) applying 

compression (Susie Maestre, 2022) 

Figure 6. Direct Piezoelectric Effect. Opposite faces with a different charge due to compression 

of the material  (Susie Maestre, 2022) 

Among all kinds of piezoelectric materials, there are manufactured polycrystalline (solids 

that consist of many tiny crystals) piezoelectric materials composed of multiple ferroelectric 

particles. The following are manufactured ceramics with crystal structure as perovskite: Barium 

titanate (BaTiO3), Lead titanate (PbTiO3), Lead zirconate titanate (Pb[ZrxTi1-x]O3, 0 < x < 1) – 

commonly known as PZT, Potassium niobate (KNbO3), Lithium niobate ( LiNbO3), Lithium 

tantalate (LiTaO3), and other lead-free piezoceramics. Lead zirconate titanate (PZT) is 
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commonly used due to its high piezoelectric charge constant (d31, d33, and d51), while other 

materials are used for microelectromechanical harvesters. 

Piezoelectric ceramics are prepared by mixing fine powders in specific portions, then 

heated to form a uniform powder. The powder is mixed with an organic binder and formed into 

structural elements; to subsequently fire the elements for a specific time and temperature, where 

the powder particles sinter and the material obtains a dense crystalline structure. Once the 

element is entirely cooled, it can be trimmed or shaped, and electrodes can be applied to the 

appropriate surface. All these ceramics have been extensively studied, and it was demonstrated 

their effectiveness and efficient building blocks for converting mechanical energy into electricity 

(Anton & Sodano, 2007; Klimiec et al., 2008; Sun, Xu, & Qi, 2009; Wang, Xudong, Song, Liu, 

& Wang, 2007; Wang, Zhaoyu, Hu, Suryavanshi, Yum, & Yu, 2007)  

2.4 Principles of Piezoelectric Effect 

The already two mentioned types of piezoelectric effect: direct and reverse effect, as 

shown in Fig 7. The direct effect was the first discovered phenomenon in which an electric 

charge is generated from mechanical stress; on the other hand, the reverse effect is related to the 

mechanical movement induced by applying an electric field. PM characteristics are generally 

represented by d, g, and k. The d factor is called the piezoelectric charge coefficient, including 

d31 and d33. Factor d31 is associated with polarization generated in the electrodes perpendicular to 

the 3-direction when mechanical stress is applied on the 1-direction. Factor d33 is associated with 

the generation of polarization in the 3-direction when stress is applied along the same direction. 
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Figure 7. Electromechanical coupling of piezoelectric effect  (Song, 2019) 

The g factor, including g31 and g33 represent the piezoelectric voltage coefficient, which 

are involved in the assessment of the capability of piezoelectric materials to produce voltage per 

unit area stress; the g factor can be expressed along with the d factor as the equation below. 

� � ���� (1) 

�� is the permittivity constant of free space, given as 8.85 x 10-12 F/m, and k is a free dielectric

material parameter. 

The k e.g., k31, k33, and kp are the piezoelectric coupling coefficients; these are used as an 

index of the conversion efficiency of the piezoelectric materials. The planar coupling factor kp 

indicates radial coupling, which means the coupling between the effect of the mechanical field. 

The kp value can be determined via the resonance and the antiresonance value method; it can be 

calculated as follow: 

�� ≅  2.51 !"# $ "%"# (2)
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Where, "# and "% = antiresonant frequencies and resonant frequencies

Figure 8. Axis for constitutive equation sample (Moheimani & Fleming, 2006) 

The constitutive equations that describe the electromechanical properties of piezoelectric 

materials will be introduced in this section. These equations are based on the IEEE standard for 

piezoelectricity (Rosen, Hiremath, & Newnham, 1992). The IEEE standard assumes that the 

piezoelectric materials are linear. The constitutive equations describing the piezoelectric property 

are based on the assumption that the total strain on the transducer is the sum of the mechanical 

stress and the controlled actuation strain caused by the applied voltage. Axis 3 is assigned to the 

direction of the initial polarization of the piezoceramic, and axes 1 and 2 lie on the plane, as 

shown in Figure 8. 

The describing electromechanical equations for a linear piezoelectric material can be 

written as  

&' � (')* +) , �-'.- (3) 

/- � �-'+' , 0'12 .1 (4)
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Where i and j = 1, 2, . . . , 6 and m, k = 1,2,3 refer to the different directions with the 

material coordinate system, as shown in Figure 8. The above equations can also be written in the 

following form, which are often used for applications that involve sensing. 

Equations 1 and 2 express the converse piezoelectric effect, which describes the situation 

when a device is being used as an actuator. Equations 3 and 4 express the direct piezoelectric 

effect, which is when a transducer is used as a sensor. The converse effect is often used to 

determine the piezoelectric coefficients. Equations 1 – 4 can be written as 

&' � (')3+) , �-'/- (5) 

.' � �-'+' , 4'12 /1 (6) 
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If the device is assumed to be poled along axis 3, and the piezoelectric material is a 

transversely isotropic material, which is valid for the piezoelectric ceramics. A lot of the 

parameters in the above matrices will be zero, and the non-zero piezoelectric strain constants 

would be: 

And 

The non-zero dielectric coefficients are, ���2 � �882  and �992 . Subsequently, equations 7

and 8 are simplified to: 

And 

The equations are based on the assumption that the total strain in the transducer is the 

sum of the mechanical strain induced by the mechanical stress. Figure 7 shows the direction of 

the axis; axis 1 and 2 represent the plane perpendicular to axis 3, which represents the direction 

of the initial polarization of the piezoceramic. 
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2.5 Shape Optimization of Piezoelectric Energy Harvesting 

Piezoelectric Energy harvesting is a promising technique that can cease with the 

increment of fossil fuels (Xiong & Wang, 2016); it can produce renewable and clean energy 

from unused or wasted energy. This technique is defined as capturing, accumulating, and storing 

energy from surrounding energy sources to give it potential use in the future (Kim et al., 2011). 

There are different potential sources to harvest electrical energy from the environment, like 

thermal, wind, hydro, and mechanical energy (Fthenakis & Kim, 2009; Jiang et al., 2017; Pacca 

& Horvath, 2002; Rome et al., 2005). The environmental source that attracts the most attention is 

mechanical energy due to its independence from weather or season to collect energy (Liao & 

Sodano, 2008; Liao & Liang, 2018; Yang, Z., Erturk, & Zu, 2017). In particular, PEH is gaining 

significant research interest due to its simplicity in collecting ambient energy from vehicle 

vibration (Song et al., 2016; Uzun & Kurt, 2013).  

Piezoelectric vibration energy harvesting technology is favored in vibration energy 

harvesting due to the high electrical conversion coefficient and no external power supply being 

required. Vibration energy can be obtained from different sources, for example, roads, railroads, 

buildings, and mechanical equipment (Elvin, Niell & Erturk, 2013; Roshani, Dessouky, 

Montoya, & Papagiannakis, 2016; Siddique, Mahmud, & Van Heyst, 2015). As previously 

mentioned, there is an increment of vehicles on roads each year, meaning that there is vibration 

energy on roads not being used (Cho et al., 2019; Lee & Choi, 2014; Tan et al., 2013; Wang et 

al., 2016). If road engineering and PVEH technology could be implemented on the most transited 

roads, there would be more clean and intelligent roads and an effect on the environment. 

Research on the electrical conversion of vibrating micro-energy has been popular thanks 

to Williams and Yates; they were the first to propose the conversion of vibrational energy into 
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electrical energy in 1996 (Williams & Yates, 1996). Currently, there are two piezoelectric 

technologies for the pavement to scavenge vibration: piezoelectric material composite power 

generation pavement technology and transducer embedded pavement piezoelectric power 

generation technology.  

The first technology comprises compounding pavement and piezoelectric materials in 

road paving to harvest vibration energy. A ductive asphalt layer and a piezoelectric material 

layer were designed, and the power generation characteristics were verified; a piezoelectric 

module was used in actual roads, and an output voltage of 7.2 V was achieved (Guo & Lu, 

2017b). The preparation of piezoelectric asphalt composites by combining piezoelectric 

materials and asphalt and generating an output voltage of up to 7.2 V (Tan et al., 2013). The 

preparation of d31 and d33, two forms of piezoelectric asphalt concrete, by compounding 

piezoelectric, conductive, electrode, and pavement materials with an output voltage of up to   

2.4 V (Wang et al., 2016) 

The second technology consists of embedding piezoelectric transducers into the asphalt 

pavement to harvest and convert road mechanical energy into energy. There are numerous 

studies in this area. An example of these studies is where piezoelectric material was optimized, 

and finite element was used to compare the energy outputs of different transducers in road 

environment (Cafiso, Cuomo, Di Graziano, & Vecchio, 2013; Najini & Muthukumaraswamy, 

2016). An instantaneous output power of up to 200 mW across 40 kΩ from a PEH module based 

on polyvinylidene fluoride (Jung, Shin, Kim, Choi, & Kang, 2017). The output power that could 

reach 0.46 mW from the energy output effect of stacked piezoelectric transducers under different 

conditions by simulating the typical road load. The construction of LED traffic signal guidance 

lamp based on piezoelectric cantilever beam transducers after analyzing the feasibility of road 
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energy harvesting (Collin, 2014). An exploration of the feasibility of transducer-embedded 

piezoelectric power generation pavement, where it was preliminarily studied the single 

piezoelectric element buried directly into the pavement and tested the energy output effect; and a 

maximum voltage of 14 V and an effective power of 0.44 mW were obtained (Chao-hui, Sen, 

Yan-wei, Xin, & Qing, 2016). Also, another piezoelectric energy harvesting module based on 

polyvinylidene fluoride exhibited 200 mW of power generation (Kim, K. et al., 2018). 

All these research had successful results; all the simulations generated energy using 

piezoelectric materials. Even though both technologies are being used and studied, the 

piezoelectric metrical composite power generation pavement has more popularity than 

transducer-embedded pavement piezoelectric power generation technology, but there are several 

disadvantages. The major disadvantages include difficult polarization, complex material 

preparation, low energy output, and lacking of continuous energy supply for real-world 

application (Wang et al., 2018). The transducer-embedded pavement piezoelectric power 

generation technology can obtain higher and more controllable output; based on this, the modern 

technology used in roads to harvest energy is placing piezoelectric transducers directly on 

pavement structures. 

The main concern of piezoelectric energy harvesters is the low energy production and the 

sustainable energy supply. Different researchers have studied the improvement of the 

piezoelectric energy harvester's structure. To improve power density, a rectangular cantilever 

harvester was shaped into a triangular and trapezoidal shape (Baker, Roundy, & Wright, 2005; 

Muthalif & Nordin, 2015). A flexible longitudinal zigzag structure to harvest low-frequency 

vibration energy (Zhou, S., Chen, Malakooti, Cao, & Inman, 2017). The design of a multilayer 

stacked PEH; in this design, the flex-tensional force was taken into consideration and achieved 
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as high as 26% mechanical to electrical energy conversion efficiency (Xu, Jiang, & Su, 2011). 

The study of a bi-stable composite structure with a layer of curved steel and a flat piezo fiber 

laminate (Giddings, Kim, Salo, & Bowen, 2011). A cymbal transducer made of two concave-

shaped metal endcaps and one flat piezoelectric disc was made to harvest more energy from 

excitations with a large amplitude force (Kim, H. W. et al., 2004). The fabrication of a 

compressive-mode PEH using a flexural structure and bending beams could generate over 20 

milliwatts of power under a 0.2g (g = 9.8 m/s2) weak excitation (Yang, Z. & Zu, 2014; Yang, Z., 

Zhu, & Zu, 2015). The study of an M-shaped structure with a bent spring steel and flat PZT 

patches (Leadenham & Erturk, 2015). 
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CHAPTER III 

METHODOLOGY 

3.1 Finite Element Analysis 

In the past, the only way to develop improvements on electro-acoustic transducers was 

primarily by trial and error; this process could be time-consuming and expensive at the same 

time. The trial-and-error practice is not consistent with modern industrial engineering practice, 

which is computer simulations to aid the development of transducers. The primary purpose of 

computer simulations in transducer development is to optimize the transducer design without 

time-consuming experiments, deeper insight into the wave propagation in piezoelectric solids, 

and evaluation of new materials in device design.  

Finite element analysis (FEA) has become an integral part of the design and development 

of numerous engineering systems. The FEA is a numerical method used to obtain an 

approximate solution for a given boundary problem; it takes the boundary value problem and 

converts it into a linear system of equations. During the design of a structure, two main 

components must be considered. One, the high degree of integration of sensors, actuators, and 

structures requires techniques of modeling hybrid material systems. Second, its multidisciplinary 

to be designed. To design smart structures, accurate structural modeling is not enough; it requires 

both structural dynamics and control theory to be considered. FEA is widely accepted for its 

capacity to analyze complex structures, complex problems, complex restraints, complex loading
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 conditions, Multiphysics (thermomechanical, electromechanical, and so on). This method deals 

with theintegration of smart components and classic structural parts; unique finite elements have 

been developed to account for the piezoelectric effect (Benjeddou, 2000); also, piezoelectric 

elements have become available in commercial finite element codes such as ABAQUS/Standard. 

Several studies about piezoelectric sensing and actuation use FEM for plates with 

piezoelectric materials. FEM and formulation for modeling of piezoelectric cantilever have been 

a crucial problem for several studies (Bendary, Elshafei, & Riad, 2010a; Elvin, Niell G. & Elvin, 

2009; Yang, Y. & Tang, 2009). It was reported, as verified by the analytical and experimental 

results in the literature, that an improvement on the finite element model by adding conductive 

electrodes based on Hamilton’s principle (Junior, Erturk, & Inman, 2009). The formulation of a 

distributed couple electromechanical model that represents the static and dynamic behavior of 

the PTZ device (Bendary, Elshafei, & Riad, 2010b). All the mentioned studies had success in 

modeling PZT cantilever beams for energy generation, meaning that the FEM is an accurate 

solution to model PEH. 

ABAQUS is a finite element program designed for structural and heat transfer analysis. It 

is designed to solve linear and nonlinear stress analysis for any structure dimension. The 

software provides a complete element library that provides a geometric modeling capability. 

Beams, shells, solids, and pipes with one, two, and three dimensions; also, be modeled using 

first, second, or third order interpolation. There is a built-in automatic adaptive choice of time 

incrementation, meaning that it can provide uniform accuracy throughout the solution (Giner, 

Sukumar, Tarancón, & Fuenmayor, 2009) 
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3.2 Finite Element Modeling 

For this study, ABAQUS/standard software was used to create different PEH models. 

The models were created based on the unimorph energy harvester design in (Song, 2019). The 

REC model has the exact dimensions as the one created in the study, shown in Figure 9. Models 

L1-R3 and L3-R1 were designed based on this model; the difference is that these models have a 

trapezoidal shape, as shown in Figures 10, 11, and 12. Table 1 shows the exact dimensions used 

in the models. 

Figure 9. Energy harvester geometry and dimensions (Song, 2019) 

Figure 10. Top view of model L1-R3 
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Figure 11. Top view of model L3-R1 

Figure 12. Top view of model REC 
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Table 1. Dimensions of PEHs 

To create the PEH models, a solid homogeneous geometry was created. The structure 

consists of a PZT layer at the top and a substructure at the bottom. Both layers have the exact 

measurements, except for the thickness, as shown in Table 1. There are three models, one 

rectangle and two trapezoids; the difference is in the width of the structure for the trapezoids. 

The purpose of having the same area is that the results depend on the structure shape and not on 

the area. The properties of each material used for each layer are shown in Table 2 

Table 2. Material Properties for the PEHs 

Property Piezoelectric Substructure 

Elastic Modulus for isotropic linear elasticity, Y (GPA) 66 100 

Density, p (g * cm3) 7.8 7.165 

Piezoelectric Charge coefficient d31 (pm/V) -190

Dielectric Permittivity at constant stress, e33 (nF/m) 

Beta 

Alpha 

15.93

4.885

1.24E-06 

4.885 

1.24E-06 

It was assumed that a perfectly conductive electrode completely coats each finite element 

on the top and bottom surfaces, and a single electric DOF was adequate to simulate the electric 

behavior. After each material's properties were assigned, the mesh was created. For the PZT, the 

mesh element type was C3D20E: A 20-node quadratic piezoelectric brick, and C3D20: A 20-

Model L1-R3 R3-L1 REC 

Length 10 cm 10 cm 10 cm 

Width 
Short side :1 cm 

Long side: 3 cm 

Short side :1 cm 

Long side: 3 cm 
2 cm 

Thickness 
PZT: 4 mm     

Substructure: 5mm 

PZT: 4 mm     

Substructure: 5mm 

PZT: 4 mm     

Substructure: 5mm 

Area 20 cm2 20 cm2 20 cm2
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node quadratic brick for the substructure; with an approximate global size of 0.0025, creating a 

total of 320 elements, and 2,483 nodes on each layer. The two layers were assembled to create 

one single structure.  

The boundary conditions for the structure were set, as shown in figure 11. The Boundary 

conditions DISP-BC-1 and DISP-BC-2 were placed on the PZT layer left side of the structure, 

and the EEC-BC-3 was set on the bottom nodes of the PZT layer. The result of all the properties 

applied to the structure are shown in Figure 13; the yellow arrows indicate the amplitude applied 

to the structure, the orange cones are the boundary conditions for displacement and rotation at 

the side of the structure, and the orange squares are the electric potential at the bottom of the 

PZT layer, as shown in Figure14. 

Figure 13. Boundary Conditions for the structure 
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Figure 14. Boundary conditions applied to the structure 

3.3 Model Validation 

In this section the model created on this study was validated using ABAQUS/Standard, 

and theoretically. The theoretical validation for the REC model was obtained from the work done 

by (Song, 2019), where the numerical results from that study were compared with the work of 

(Erturk & Inman, 2008). To validate the shape of the PEH, the finite element implementation of 

a unimorph PEH was studied through the commercial software ABAQUS/Standard. In (Song, 

2019) the numerical results from the simulations in ABAQUS/Standard of the proposed PEH 

were compared with the analytical (closed form) solutions originally proposed by (Erturk & 

Inman, 2008) for a linear system to corroborate the global matrixes of mass, damping, and linear 

stiffness. The proposed PEH by (Erturk & Inman, 2008) is shown in Figure 8, and the properties 

of the model are in Table 2. 

The numerical results obtained from ABAQUS/Standard in (Song, 2019) study were 

compared with the theoretical solution given by (Erturk & Inman, 2008), as shown in Figure 15,  

and Table 3. The results obtained demonstrated excellent agreement with the analytical solution. 
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Figure 15. Model validation from (Song, 2019). 

Table 3. First and second modes of natural frequencies for theoretical validation (Hz) (Song, 

2019) 

Property Piezoelectric  Substructure 

  (Erturk & Inman, 2008) 47.80 299.60 

ABAQUS/Standard 47.68 302.28 

In the study, the researchers obtain the voltage using finite element simulations with 

ABAQUS subjected to a unit force at the designated measurement points on a single-span 

bridge. The simulations were performed at seven different train speeds, 100 km/h, 200 km/h, 250 

km/h, 300 km/h, 330 km/h, and 350 km/h. Once the vertical acceleration was obtained from the 

different speeds. Figure 16 shows the schematic of the setup used for the finite element 

simulations indicating the measurement points from which the vibration response data was 

generated.  



 29

Figure 16. Schematic for the points where the voltage was obtained (Song, 2019) 

For this study, the voltage obtained from the study (Song, 2019) was compared with this 

study to know if the model would create voltage. The results obtained from the 

ABAQUS/Standard simulation in this study would demonstrate if voltage can increase 

depending on the PEH shape.  
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CHAPTER IV 

RESULTS 

The models created on ABAQUS/standard demonstrated an output voltage in 

each model at different speeds obtained from (Song, 2019). The output voltage generated 

in each model is shown in Figure 18. The results were then compared on an RMS graph 

to find the shape that harvested the most energy, as shown in Figure 17. The results from 

this research were compared with those from (Song, 2019), as shown in Figure 19. 

Figure 17. RMS results at different speeds.
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Figure 18. Output Voltage from the PEHs a) 100 km/h b)150 km/h, c) 200 
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Figure 19. REC model comparison 
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CHAPTER V 

ANALYSIS 

The models created in this research were based on the validated model from (Song, 

2019); from the results obtained, it was shown that the models generated an output voltage, 

which means that the model was correctly created on ABAQUS/Standard. Also, a comparison 

with the base model results was made, as shown in Figure 19. Even though the results are 

different, it can be said that the model works because the original model was created with an 

excitation mass at the tip of the harvester, and the one created in this study did not. The models 

were then compared on an RMS graph with each other to find the shape that generated more 

voltage; as it is shown in Figure 17, from the graph, it can be concluded that the shape with the 

most significant output voltage is the REC model. The REC model was the only shape with a 

high increment as the speed changed, compared with the other two models.  

In the literature review section, several studies demonstrated that the shape design of 

PEHs impacts output voltage; by comparing this study with other studies, it can be concluded 

that the shape influences the output voltage. 
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CHAPTER VI 

CONCLUSION 

Piezoelectric energy harvesting technology on roads is an important subject that needs to 

be studied due to its impact on society. PEHs can generate clean energy from waste vibrations on 

roads. This study investigated a PEH system subjected to mechanical vibrations using 

ABAQUS/Standard. The dimensions and properties of a validated model were used to create 

three different PEH models to find if shape optimization is a factor in energy harvesting. The 

three models were then tested at different speeds to find the output voltage of each shape. The 

results obtained showed different output voltages in each of the models; based on the results in 

this research, it can be concluded that shape optimization on PEHs has an impact on energy 

harvesting.  
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