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UNIVERSITY OF SOUTHAMPTON 

 

ABSTRACT 
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Doctor of Philosophy 

 

DESIGN, MODELLING AND CHARACTERISATION OF IMPACT 

BASED AND NON-CONTACT PIEZOELECTRIC HARVESTERS FOR 

ROTATING OBJECTS  

 

by Ghaithaa Manla 

 

This thesis highlights two different methods of extracting electrical energy from 

rotational forces using impact based and non-contact based piezoelectric harvesters. In 

this work, the centripetal force is used as the main acting force that causes the 

piezoelectric harvesters to produce output power. In order to achieve this, the 

harvesters are mounted in a horizontal position while the rotational forces are applied. 

The impact based piezoelectric harvester consists of a tube with one piezoelectric pre-

stressed beam mounted at each end of the tube. A ball bearing that has the freedom of 

movement between the two ends of the tube generates an impact force on the 

piezoelectric structures due to the effect of the centripetal force. The impact based 

piezoelectric harvester is modelled and its behaviour is analysed and verified 

experimentally. For the non-contact piezoelectric harvester, the applied force on the 

piezoelectric element is produced by a magnetic levitation system without the need for 

a direct physical contact. The impact of the magnet size and shape is studied and the 

results become a guideline that is used to design and optimize the piezoelectric 

harvester. The model of the non-contact piezoelectric harvester is derived and verified 

experimentally in order to analyse its behaviour at different boundary conditions. A 

comparison between the two harvesters is carried out. This includes highlighting the 

advantages and the limitations of each of them.      
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Chapter 1  

Introduction  

1.1 Research objectives 

The aim of this research is to investigate and develop a harvester that has the 

ability to power sensors that are mounted on rotating objects. Therefore, this research is 

focused on understanding power generation mechanisms associated with rotation and 

the method by which this energy is extracted. The focus of this research is directed 

towards powering sensors that are located in unreachable areas within rotating systems 

such as the tyre pressure monitoring system located inside the vehicle tyre. Moreover, 

this research will focus on designing a harvester that has the ability to generate the 

required amount of power over a range of rotating speed and withstand the high 

acceleration amplitude caused by centripetal force at high rotating speed. For such 

applications, different types of resonant vibration based micro harvesters including 

piezoelectric, electromagnetic or electrostatic transducer have been designed to convert 

the available vibration within a rotating object into electrical energy [1]. The 

performance of these harvesters depends on the frequency of the ambient vibration. 

Using vibration based micro harvester inside the vehicle tyre as an example of rotating 

object, leads to the fact that the maximum generated output power is achieved when the 

natural frequency of the harvester matches the vibration frequency produced at a 

specific rotating speed. Therefore, if the resonant frequency of the harvester does not 

mach that of the ambient, the level of the output power decreases dramatically.  

In order to overcome this problem, two types of piezoelectric harvester are 

designed, analysed, tested and their results compared with each other. The first 

approach is based on using impact force to extract electrical power. The second 
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approach is based on a non-contact system. No existing studies reported the use of the 

previous two systems to extract electrical energy from centripetal force in particular. 

Therefore, the main objective of this work is to develop a harvester that uses centripetal 

force to extract output power using impact based piezoelectric harvester as well as non-

contact based piezoelectric harvester.  

This present work employs a variety of experimental and theoretical techniques 

to analyse the effect of rotational forces produced by the rotating object on the 

piezoelectric harvester. The method by which the harvester is mounted on the rotating 

object will be investigated and its effect on the amount of the generated power will be 

analysed. As part of the experimental investigation, an impact based piezoelectric 

harvester will be designed, analysed numerically and tested. The same approach will be 

used with a non-contact piezoelectric harvester. For both harvesters, the numerical 

results from the developed models will be compared to the experimental results by 

which the model will be tested and verified. Both harvesters will be optimized and their 

output power will be compared with each other and the limitations of each harvester 

will be addressed.  

After understanding the behaviour of the developed piezoelectric harvester under 

rotational forces and analysing its performance, the focus of the research will be 

directed towards implementing the method in a practical application such as tyre 

pressure monitoring sensors. In this case, tyre pressure sensors are mounted directly 

inside each tyre. In an effort to generate power from a vehicle wheel, researchers have 

focused on vibration, since this is one of the main sources of energy in the tyre [2]. As 

mentioned before, the aim of this research is focused on extracting power from the 

rotational forces, particularly the centripetal force.   

1.2 Document structure 

This thesis describes the work that was carried out to investigate the ability of 

generating output power from rotational forces in general and from the centripetal force 

in particular. A commercial type of pre-stressed beam called Thunder™ is used in this 

investigation. The report is divided into nine main chapters. 

Chapter 2 introduces the background of the field, a review of the relevant 

literature and a discussion of the previous work performed in this area. This chapter 

addresses the issues of the different designs of the energy harvesting generators. A 

discussion about different methods that can be used to convert kinetic energy into 
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electrical energy is presented. A discussion about the suitability of the each method 

with the surrounding environment is analysed and followed by analysis about 

piezoelectric harvesters and the ability of using rotation as a source to generate an 

output power. Applications by which the harvester can be used are introduced with a 

focus on the possibility of using the harvester inside a vehicle tyre. This is followed by 

a discussion about the advantages of using piezoelectric pre-stressed beam (Thunder™) 

for this type of application.  

Chapter 3 presents a theoretical analysis of the Thunder™ pre-stressed beam and 

addresses the influence of beam curvature on the amount of stress developed in the 

piezoelectric structure. The dependency of the structure characteristics on the applied 

compression forces is addressed and measured.  

Chapter 4 presents a numerical analysis of the impact based piezoelectric 

harvester. The principle by which this harvester operates is detailed. Numerical 

methods are used in order to analyse the behaviour of the impact based harvester in 

general and the Thunder™ beam in particular under impact force. The simulated results 

of the finite element analysis using the ANSYS software are used to analyse the 

developed stress in the Thunder™ beam due to the effect of an impulse force. 

Moreover, ANSYS is used to analyse the amount of generated stress in the clamped 

area due to the clamping method. An optimization of the output power in geometries 

perspectives is carried out in this chapter.  

In Chapter 5 a testing wheel with the ability of mounting the developed harvester 

in different method is designed. The different methods of mounting are presented to 

analyse the effect of the different types of rotational forces on the harvester. The 

method that is used to monitor the effect of the rotational forces in general and the 

centripetal force in particular on the impact based piezoelectric harvester is detailed in 

this chapter. The generated experimental results are presented, discussed and compared 

with the theoretical results presented in Chapter 4.  

In Chapter 6, the principle of the non-contact piezoelectric based harvester is 

introduced. Simulation and optimization of the non-contact piezoelectric harvester is 

presented.  

An experimental method that is used to testify the theory is then introduced in 

Chapter 7. This is followed by experimental characterization of the non-contact 

piezoelectric harvester. In this chapter, the experimental results are presented and 

compared to the numerical ones.  
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The two prototypes of the piezoelectric based harvester that have been designed 

and tested are compared to each other and discussed in Chapter 8. The comparison 

focused on the amount of the generated power and the limitation of each prototype. 

This chapter presents a discussion about the possibility of mounting the designed 

harvesters inside the vehicle tyre to power the tyre pressure monitoring system. 

Chapter 9 concludes both experimental and theoretical conclusions along with 

suggestions for future development in this area. 

1.3 Statement of novelty 

The outcome of this research presented these novelties: 

• Experimental and theoretical proof of the feasibility of using rotational 

forces to generate output power from piezoelectric pre-stressed beam 

(Thunder™).  

• Theoretical analysis of the Thunder™ beam and establishment of a model 

and an experimental method that presents the effect of applying force on 

its stiffness and damping.  

• Design and build of a piezoelectric harvester to generate output power 

from impact force due to the effect of the centripetal force.  

• Modelling the behaviour of the piezoelectric harvester that uses 

Thunder™ beam under impact.  

• Experimental verification of the impact based harvester model. 

•  Design and build of a non-contact based piezoelectric harvester to 

generate output power from magnetic force due to the effect of the 

centripetal force.  

• Model the behaviour of the non-contact piezoelectric harvester that uses 

Thunder™ beam under the effect of the magnetic forces.  

• Experimental verification of the model of the non-contact harvester. 

1.4 Publications 

1. G. Manla, N. M. White, J. Tudor. Harvesting energy from vehicle wheels 

for tyre pressure sensors. Presented at 22nd International Conference 

Eurosensors, Dresden, Germany. September 7-10, 2008.  
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2. G. Manla, N. M. White, J. Tudor. Harvesting energy from vehicle wheels. 

Presented at the 15th International conference on Solid State Sensors, 

Actuators and Microsystems, Transducer2009, Denver, Colorado, USA. 

June 21-25, 2009.  
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Chapter 2  

Background and literature 

review 

2.1 Introduction 

Wireless system networks are attractive because they facilitate the placement of 

sensors in inaccessible locations. Moreover, embedded wireless microsensors have 

potential applications in areas such as continuous monitoring of structure and machine 

functionality without the expense and the inconvenience of wiring failure. This 

includes monitoring temperature, the location and movement of persons and 

acceleration and pressure in automobile tyres [3]. At present, these electronics rely on 

the use of batteries to provide electrical energy to the wireless sensor nodes. This is due 

to the fact that batteries are an easy power solution and they provide a stable voltage, 

which means electronic devices can be run directly without any intervening power 

electronics. In the past few decades, the performance of computing systems has grown 

steadily, which has led to a large area of research based on wireless sensor networks. 

Long transmission distances can be replaced with low-cost, low-power wireless devices 

which operate in a multi-hop fashion, i.e. the transmitting data to the final destination 

port should be routed via at least one intermediate port [4]. This results in dense 

networks which comprise thousands of small wireless nodes. However, the reduction of 

the nodes’ size and the increase in their number within the network, make the use and 

the replacement of batteries impractical. As the electronics of a wireless sensor node 

decrease in size, the size of the battery must also be reduced, otherwise it will dominate 

the system volume. On the other hand, reducing the batteries’ size limits their lifetime. 
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This creates a problem in powering a large number of nodes that make up a network 

due to the cost of replacing the batteries. Although battery technology provides enough 

energy for applications that require high and constant power consumption in the range 

of one year or less, the need to develop other methods, which provide sustainable 

energy throughout the lifetime of the device, is desired. In order to achieve this, 

researchers have focused on three methods [5]: 

• Improving the energy density of storage systems. 

• Developing technologies that enable a node to scavenge power available 

in the surrounding environment.  

• Developing a suitable method to distribute power to the nodes.  

Among these different methods of powering a wireless network, power 

scavenging has the advantage that the lifetime of the node depends only on the 

reliability of its parts. However, each environment has different forms and 

characterizations of the available ambient energy. This makes designing one type of 

harvester that is suitable to harvest energy from different environments and at different 

conditions impossible. The focus of this research is directed towards designing a 

harvester that uses rotational energy as a source to provide an electrical energy.  

This Chapter is divided into five main sections. Section 2.2 presents the principle 

behind generating electrical energy from mechanical energy. A comparison between 

resonant and non-resonant systems in terms of its generated output power is presented 

in this section. Three different mechanisms that have been used to convert the kinetic 

energy into useful power are illustrated and compared. Section 2.3 presents the 

possibility of using rotation as a main source of electrical energy. Section 2.4 outlines 

the previous efforts that have been described in the literature in order to achieve that. 

Suitable applications that can use the developed harvesters detailed in this work are 

discussed in Section 2.5 with the focus on extracting energy from the vehicle tyre 

environment. The reason for choosing this application as the main one is explained in 

this chapter. Section 2.6 focuses on using a piezoelectric transducer as a method to 

convert kinetic energy into electrical energy. Different types of piezoelectric harvesters 

that are developed in the literature are discussed in this section.  
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2.2 Electromechanical harvesters 

In order to generate electrical energy from kinetic energy or mechanical forces, a 

suitable harvester is required. The three main methods to convert mechanical motion 

into an electrical signal, based on their damping mechanisms, are: 

• Electromagnetic, which depends on changing the flux linkage of a coil 

with a magnetic field. This method depends on damping velocity. 

• Electrostatic, which depends on moving the plates of a capacitor apart 

against the attractive electrostatic force. This method depends on damping 

Coulomb force. 

• Piezoelectric, which depends on straining the piezoelectric material to 

create an electric charge. This method depends on damping the material 

deformation. 

The principle by which these harvesters convert mechanical energy into electrical 

energy can be explained as follows. The input kinetic energy causes the harvester frame 

to accelerate. The inertia of the harvester mass causes relative motion between the 

frame and the mass. The work done on the damper is the product of the force and the 

relative movement between the mass and the frame. The integral of the work over a 

cycle represents the converted energy. The amount of output power depends on the 

chosen method which depends on the type of application. Moreover, the material type, 

aspect ratio and the dimensions of the different parts of the harvester are factors that 

affect the amount of output power. These three methods of energy conversion from 

mechanical into electrical energy can be divided into resonant and non-resonant 

systems based on the spring-mass motion.  

2.2.1 Resonant and non-resonant systems 

Resonant harvesters can be modelled as second-order, spring-mass-damper 

system as shown in Figure 2.1.  In a resonant system the work can be stored in the 

spring and then released to the damper at a different part of the motion cycle. A mass 

(m) is significantly smaller than the mass of the vibration source and thus it will not be 

affected by its presence. The mass is suspended from a spring of stiffness (K).  The 

total damping coefficient of the system (cT) is the sum of the mechanical damping 

coefficient (cm) and the electrical damping coefficient (ce). cm represents the loss in the 

system due to air resistance and support damping. ce represents the useful extracted 
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energy from the converter. The spring mass system, located within the inertial frame, is 

being excited by an external harmonic excitation giving by ( ) ( )tYty ωsin0= , where Y0 

is the source motion amplitude. The absolute motion of the frame and the mass are y(t) 

and x(t) respectively. The displacement of the mass from its rest position relative to the 

frame is presented as z(t). Zl is the maximum amplitude of the mass-frame 

displacement. The differential equation of motion is described as: 

)sin()()()( 0 tmYtKztzctzm T ω−=++ &&&       2.1   

 

Figure 2.1 Schematic of a generic mechanical-to-electricity converter 

The useful electrical power is equal to the power removed from the mechanical 

system by ce. Equation 2.2 shows the power dissipated within the damper  [6]. 
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ω is the frequency of the driving vibration andoω , which is equal to mK / , is 

the resonant frequency of the mass spring system. Maximum power can be extracted 

when the input frequency matches the resonant frequency of the system. Therefore, the 

system must be designed to resonate at the excitation frequency and in this case P can 

be given by the following equations:  

 
2

2
0

3

4 T

oe Ym
P

ξ
ωξ

=         2.4 

( )2

2

4 emo

eam
P

ξξω
ξ

+
=         2.5 

Equation 2.5 used the excitation acceleration (a) in the expression of P which is 

derived from 0
2Ya oω= . For a given acceleration, the output power is inversely 

proportional to the resonant frequency. Therefore, the harvester should be designed to 

be resonant at the lowest fundamental frequency. Equation 2.5 shows that the output 

power can be increased by increasing the mass within the given space constraints. The 

mechanical damping ratio (ξm), that represents the designed harvester, is constant. The 

output power is maximized when the value of the electrical damping ratio (ξe) matches 

the value of the mechanical damping ratio (ξm). 

 

Figure 2.2 Power output vs. frequency in resonant harvesters  
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Figure 2.2 shows the output power versus frequency for different values of the 

damping ratio. The natural frequency of the harvester is 100 Hz and the frequency of 

the exciting frequency is varied from 10 to 200 Hz. In order to extract the maximum 

power, this figure assumes that ξe = ξm. Systems with a low damping ratio (around 0.01) 

have the potential for higher output power. However, this power drops off quickly 

when the frequency of the driving vibration moves away from the natural frequency. 

On the other hand, increasing the damping results in a broader bandwidth response.  

The previous model of the harvester does not specify the mechanism by which 

the conversion takes place (electrostatic, electromagnetic or piezoelectric). For a real 

harvester, the model will be more complicated due to the transduction damping 

coefficient being dependant on the conversion method. 

 

Figure 2.3 Performance of different type of transducer under varying operating conditions [7] 

The work in a non-resonant system, on the other hand, is only done on the 

damper, where the spring constant (K) is zero. The output power is proportional to the 

damping force and the displacement of the mass (Zl). In order to increase the output 

power, the damping force should be as high as possible. However, this force must be 

below the maximum frame acceleration which can be given by 2ωoY . In case the 

damping force is more than the frame acceleration the mass moves with the frame. 
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Therefore, no relative motion between the mass and the frame is created and thus no 

work will be done on the damper. The conversion will start when the acceleration of 

the frame is just above the damping force. Thus the mass will break away from the 

frame and move from one end of the frame to the other during the peak of acceleration 

[8]. Figure 2.3 shows the relationship between the normalized output power to 

( 32ωomY ) and the normalized frequency ( oωω / ) [7]. In addition Figure 2.3 shows the 

relationship between the normalized power and the ratio between the maximum 

available displacement of the mass and the acceleration amplitude (Zl/Y0). 

Figure 2.3 is divided into three main areas. The blue area represents a resonant 

system with linear damping such as electromagnetic and piezoelectric transducers. The 

green area represents resonant system with non-linear damping such as an electrostatic 

transducer. The red area represents non-resonant systems. As can be seen, resonant 

systems generate more power when the ratio between the applied frequency and the 

harvester resonant frequency ( oωω / ) is 1. This means the resonant frequency of the 

harvester matches the applied frequency. Resonant systems with linear damping are 

more suitable when the normalized frequency is between 1 and 1.5. Resonant systems 

with non-linear damping are more suitable when the normalized frequency is between 

0.5 and 1. However, when the resonant frequency of the harvester is twice the applied 

frequency or more, non-resonant systems produce more output power than resonant 

systems. Figure 2.3 shows that resonances are useful when (Zl/Y0) is large around 1 or 

more for resonance with non-linear damping and 0.25 or more for resonance with linear 

damping. If the amplitude of the frame-mass displacement is a quarter of the 

acceleration amplitude or less, then a non-resonant system is preferable [7].  

In conclusion, resonant electromechanical harvesters generate the maximum 

output power when the resonant frequency of the harvester matches the input 

frequency. This is a drawback of the resonant system, especially when the value of the 

input frequency changes over time. Therefore, an alternative conversion mechanism 

based on a non-resonant system, which works without a spring and thus does not have a 

resonant behaviour, is used in this situation. In case of generating power from rotating 

objects both (Zl/Y0) and ( oωω / ) are small making the non-resonant system more 

suitable for this application. 
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2.2.2 Types of electromechanical harvesters 

There are three main methods to convert mechanical motion into electrical signal. 

These are electromagnetic, electrostatic and piezoelectric transduction. In this section 

these techniques are covered and their basic concepts and operating principles are 

outlined. Different designs are described and analysed. In addition, these three methods 

are evaluated as potential transduction mechanisms for harvesting energy from rotation. 

2.2.2.1 Electromagnetic harvesters 

Electromagnetic power conversion results from the relative motion of a conductor 

in a magnetic field. Typically the conductor takes the form of a coil. The amount of 

electricity generated depends on the velocity of the relative motion, the strength of the 

magnetic field and the number of turns of the coil. Increasing the strength of the 

magnetic field and the other two factors results in an increase in the current flow in the 

coil [9].  

Different configurations of resonant electromagnetic harvesters have been 

designed based on the use of relative movement between magnets and coils in a mass-

spring system to generate electrical energy from mechanical movement. Generating 

power by means of a coil, cantilever beam and a permanent magnet is one of the most 

attractive methods for energy harvesting from low frequency vibration sources. In this 

configuration a cantilever is used as a resonant element and either the coil or the 

magnet can be mounted on the beam while the other is fixed. The magnet will act as the 

inertial mass if it has been attached to the beam and vice versa if the coil is mounted to 

the beam. 

Two devices with different combinations of magnets and coils have been 

developed at Southampton University [6, 10, 11]. Both structures are based on a 

cantilever structure. The first device was based on moving coil between two fixed 

magnets. However, the second device, which was based on moving 4 magnets with 

fixed coil, generated an output power up to 180 µW for 0.85 mm displacement. The 

second harvester generated more than twice the output voltage (1V) and more than four 

times the power for the same input. This harvester is presented in Figure 2.4. Therefore, 

using the coil as a mass is less effective than using the magnet as a mass especially if 

the harvester dimension is in the range of a few cm3. This is due to the flux density, as 

reducing the size of the magnet leads to a reduction in flux.  
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Figure 2.4 Micro-cantilever harvester with a moving magnet [10] 

Figure 2.4 shows an example of electromagnetic resonant harvester that can be 

used to extract electrical power from vibration. In this type of harvester, the maximum 

output power is achieved when the resonant frequency of the harvester matches the 

input frequency. If the input frequency is outside the range of the harvester, the output 

power will drop significantly. This makes this type of harvester not useful when the 

input frequency changes over time. An alternative to the resonant system is the non-

resonant harvester.  

 

Figure 2.5 A schematic of the basic structure of a non-resonant rotating harvester [12]. 

In a non-resonant electromagnetic harvester the spring, that connects the mass to 

the frame, is omitted. As discussed before, the output power in a linear inertial 

scavenger is proportional to the internal travel of the mass. Therefore, Yeatman [12] 
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tried to overcome this limit by eliminating the range constraint on the internal motion 

by using rotating proof mass motion. In this case, the mass can rotate in either case 

without a mechanical limit. He reported that the rotating mass could be powered by 

linear or rotational host motion. A schematic of non-resonant rotating harvester, where 

a semicircular mass rotates freely on a bearing, is shown in Figure 2.5. 

The energy extracting mechanism in this transducer is denoted by a torque 

applying coupling between the frame and the rotating mass. The maximum power can 

be achieved when the damping torque equals the product of the mass moment of inertia 

and the frequency of the source motion. The damping torque, on the other hand, is 

proportional to the relative rotational velocity between the mass and the frame. The 

author noted that for low damped cases, the mass motion is small and thus the relative 

motion between the mass and the frame. However, for a strongly damped case, the 

relative motion between the frame and the mass equals zero. In both cases, the power 

approaches zero.     

Yeatman [12] compared the output power of his harvester with the one that has a 

mass with linear internal motion. Both types of harvesters were based on 

electromagnetic transduction, as the only existing rotating devices use electromagnetic 

conversion. Moreover, both devices were driven by harmonic linear excitation. The 

author concluded that for a given mass and linear travel range, the extracted power 

from the transducer will be the same whether the mass movement is linear or rotating. 

The choice between these techniques depends on the application reliability and cost. 

Moreover, both systems can be used over a wide range of input frequencies.   

The transducer developed by Yeatman can extract power from rotational 

excitation when an eccentric mass is used in the system. In this case, the frame rotates 

and the extracted power depends on the relative velocity between the frame and the 

mass. Two types of torque will be generated; damping torque and gravitational torque. 

The maximum power will be extracted when these torques are equal because the mass 

remains static. In this case, the output power is proportional to the rotation speed. The 

author describes the motion of the mass as highly nonlinear if the damping and the 

gravitational torques are not equal. This is due to the fact that gravitational torque 

depends on the rotational position of the mass. For this analysis, the semi-circular mass 

rotates freely on a bearing located in the centre of the rotating frame. However, because 

the rotational mass depends on the gravitational torque rather than the inertial mass, the 

performance of the transducers is dependent on their orientation. Two different 
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configurations based on electromagnetic transduction that were developed based on the 

concept of a rotating mass are presented in the following paragraphs. The ability of 

using them to extract power from rotating object is addressed.      

The harvester, designed by Spreemann et al [13] was aimed at converting linear 

vibration into rotary motion using a non-resonant electromagnetic harvester. For this 

harvester the output power depended on the vibration amplitude, the harvester 

geometry and the initial conditions. This harvester, which is shown in Figure 2.6, 

converted the linear vibration into a rotary motion. The harvester was designed to 

operate under small vibration amplitudes, i.e. 100 µm. This harvester was modelled as a 

damped mechanical pendulum where the effect of initial conditions and the harvester 

geometry were analysed. It was found that if the length of the pendulum was one order 

of magnitude greater than the vibration amplitude or more, an initial angular velocity 

was required to start the rotation motion. This initial rotary frequency should be the 

same order of magnitude as the vibration frequency. Once the initial rotary frequency 

was applied, the pendulum performed a rotation driven by the applied vibration. At this 

point the rotation frequency followed the vibration frequency and its value changes 

proportionally to the rotary frequency.  

If the vibration amplitude was in the same order of magnitude as the pendulum 

length, the energy from vibration was enough to start the rotation without the initial 

rotary frequency. In this situation the system showed undetermined chaotic behaviour. 

The advantage of this harvester is that, the output power is proportional to the square of 

the rotating angular velocity. This means the output power increases by increasing the 

input vibration. Moreover, the maximum output power is generated when the output 

load resistance equals the coil resistance (20 Ω). A harvester with a volume of 1.5 cm3, 

a mass of 2.85 grams, a pendulum length of 5.62 mm and frequency amplitude of 100 

µm at vibration frequencies ranging from 30 to 80 Hz generated an output power 

ranging from 0.4 mW to 3 mW. The authors did not present the effect of applying a 

vibration amplitude that is one order of magnitude higher than the pendulum length or 

more.  The disadvantage of this design is that its behaviour starts to get chaotic when 

the pendulum length is less than the vibration amplitude. Therefore, this system is not 

suitable to be used when the input vibration amplitude is higher than the pendulum 

length.  
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Figure 2.6 Converting the linear vibration into rotary motion, non-resonant electromagnetic 

harvester [13] 

The authors did not simulate the effect of rotation on the movement of the 

pendulum. Therefore, in the next paragraph a discussion about the possibility of using 

this type of harvester to harvest energy from rotating objects is presented. For this 

application, the energy harvester device shown in Figure 2.6 is positioned at a specific 

distance from the centre of rotation. The simulation software Working Model is used to 

predict the behaviour of the pendulum movement. The behaviour of the pendulum 

movement when its length is an order of magnitude less than the radius of rotation can 

be summarised in the following paragraph. Using the rotating object as a frame of 

reference, at low rotating speeds the pendulum movement can be described as pure 

rotation (below 3 rps). Increasing the rotating speed any further causes the pendulum to 

oscillate. The amplitude of the oscillation movement reduces as the rotating speed 

increases. Therefore, this harvester is suitable to be used when the rotating object 

operates at low rotating speed.       

Another electromagnetic transducer configuration based on a non-resonant 

system is analysed and tested by Tzern et al [14]. This harvester is based on generating 

output power from rotation. The generic rotating harvester consisted of stator and a 

rotor. The relative movement between these two components converted the mechanical 

energy into electrical energy. The group who developed this harvester proposed that 

such a harvester can be used to power a tyre pressure monitoring sensors located inside 

the vehicle tyre. For this experiment, a DC motor is used as a harvester as show in 

Figure 2.7. The rotor of the harvester is coupled to the rotating source. To prevent the 



 18 

outer housing of the harvester (stator) from rotating along with the rotor, an offset mass 

from the axis of rotation is added to the stator. In order for the host to act as a stator the 

magnetic torque should be equal to the gravitational torque. The flip-over speed by 

which the stator starts to rotate with the rotor is calculated. As the output power equals 

the rotational angular velocity squared, the team added a gearbox between the rotating 

source and the harvester in order to increase the angular speed and thus the output 

power. This harvester, which uses a 20 gram mass, produced an output power of 8 mW 

at 477 rpm. Tzern at al [14] discuss the possibility of mounting the harvester off-axis. 

In this situation the centripetal force tended to throw the mass attached to the harvester 

host outwards and affect the gravitational force. Therefore, increasing the offset 

position of the harvester will result in reduced output power. For a 10 cm offset 

position, it has been found that the stator starts to flip over and when the rotating speed 

reaches 280 rpm the motion of the stator is almost synchronized with the rotor motion. 

This means no output power is generated.  

This harvester is more suitable for application where there are no size or weight 

restrictions on the harvester. In addition, this harvester is more suitable to be used when 

the centre of rotation is aligned with the harvester’s centre of rotation. Moreover, it is 

more preferable to design a harvester that has the ability to produce an output power at 

any value of the offset position from the centre of rotation.  

 

Figure 2.7 Setup to generate power from rotation using electromagnetic harvester [14] 

Holmes et al [15] designed, simulated, fabricated and tested an axial-flux 

permanent magnet electromagnetic harvester based on a rotating harvester. The idea of 

this device is that it generates power from an externally generated gas flow. The 

harvester comprises of a polymer rotor with embedded permanent magnets sandwiched 
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between two silicon stators with electroplated planar coils. This harvester is shown in 

Figure 2.8. The device has a volume of 0.5 cm3 and it has the capability of generating 

up to 1 mW at a pressure drop of 8 mbar, a flow rate of 35 litres per minute and rotation 

speed of 30000 rpm. This type of transducer is more suitable if there is a gas flow in the 

surrounding environment. Moreover, this device is expensive to fabricate because it 

involves many manual assembly and bonding operations due to the design of this 

device. The reliability of using this device over high cycle of operation was not 

presented in this paper.    

 

Figure 2.8 Schematic cross section of axial-flow turbine with integrated axial-flux 

electromagnetic harvester [15] 

2.2.2.2 Electrostatic harvesters 

Electrostatic harvesters consist of two conductors (plates) separated by a 

dielectric such as air. This type of converter needs to be charged up to an initial voltage 

for the conversion process to start. This can be done by using a separate voltage source, 

which means electrostatic energy harvester can hardly become a separate power supply. 

This voltage creates an equal but opposite charge q on the plates, leading to the storage 

of a charge when the voltage source is disconnected. The variable capacitor is the basis 

of the power conversion. As the conductors move relative to each other, the energy 

stored in the capacitor changes, thus providing the mechanism for mechanical to 

electrical conversion. The voltage across a simple rectangular parallel plate capacitor is 

given by the following equation: 

C

q
V =            2.6 
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where q is the charge on the capacitor and C is the capacitance, which is given by 

the following equation: 

 
d

Lw
C

ε=          2.7  

where d is the distance between the plates, w is the width of the plates, L is the length 

of the plates and ε is the permittivity of the material between the plates. The energy 

stored in a capacitor is given by: 

 
C

q
CVqVE
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This equation demonstrates that the energy can be increased by increasing either 

q or V. If the charge is held constant, the voltage can be increased by either reducing 

the area of the plates or increasing the gap between the plates. However, if the voltage 

is held constant, the charge can be increased by either increasing the area of the plates 

or reducing the gap between the plates. The work done against the electrostatic force 

acts between the plates provides the harvested energy. Therefore, the inertia 

electrostatic transducer can be operated under constant charge or constant voltage. 

Electrostatic transducers can be divided into two groups depending on the movement of 

the mass as described by Roundy et al [16]. In the first group, the movement of the 

mass is out of the wafer plane as shown in Figure 2.9.  

 

Figure 2.9 Out-of-plane electrostatic transducer (after [16]). 

For this group the input force changes the gap between the capacitor plates (out-

of-plane gap closing). However, in the second group, the movement of the mass occur 

in the plane of the wafer. For this group the input force changes either the gap between 

the capacitor plates (in-plane gap closing) Figure 2.10 or the overall area (in-plane 

overlap) Figure 2.11.  

      The change in the capacitance in the in-plane overlap is linear with the mass 

displacement, whereas this relationship is non-linear in the in-plane gap closing. 

However, the in-plane gap closing is easier to fabricate than the in-plane overlap 

transducer. Moreover, Roundy concluded that the in-plane gap closing produces more 
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power than in-plane overlap because it does not suffer from excessive parasitic 

damping. The value of parasitic air damping in out-of-plane gap closing operating 

under constant charge is higher than the in-plane types. This is based on the assumption 

that the gap between the plates must be as small as possible to produce high output 

power, as the output power is proportional to the damping force and this force is 

proportional to 1/d3. Reducing the gap between the plates reduces both the parasitic 

capacitances and priming voltage. However, as a MEMS device, the out-of-plane gap 

closing is harder to fabricate than the in-plane types.  

 

Figure 2.10 In-plane gap closing electrostatic transducer (after [16]). 

In constant charge electrostatic transducers, the generated energy is proportional 

to the ratio between the initial capacitance C1 and final capacitance C2 [17]. By setting 

the holding force to be as high as possible, it has been found that the constant charge 

device has higher initial capacitance than the constant voltage one. Having higher 

initial capacitance reduces the voltage required to obtain the holding force and thus 

reduces the pre-charge voltage. Moreover, it has been found that it is easier to get 

higher values for the initial capacitance in the gap-closing electrostatic transducer than 

in the overlap one. This is due to the fact that a small gap can be set between the plates 

of the capacitance by using a mechanical stop for the initial and final separation 

between the two plates. In the overlap electrostatic transducer, suspension is used to 

maintain the separation between the plates over the whole range of travel.   

Despesse [18] presented an in-plane gap closing structure that produced a 

scavenging power of 1mW for a vibration amplitude of 90 µm at 50 Hz (acceleration of 

8.8 ms-2). The size of the device was 18 cm2 with 104 g inertial mass. This design used 

a piezoelectric spring to prime the electrostatic transduction. A honeycomb structure 
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was described by Tashiro et al [19]. This structure has a variable capacitance between 

110 and 32 nF. After charging the capacitor to 45 V from a battery, the harvester was 

put on a shaker. A power of 36 µW was harvested form acceleration amplitude of 1 ms-

2 at 6 Hz, which is the resonant frequency of the device.   

 

Figure 2.11 In-plane overlap electrostatic transducer (after [16]). 

Mitcheson et al [20] described the benefit of using a non-resonant electrostatic 

transducer. This research group carried both simulation and experimental work. For 

non-resonant electrostatic transducer the spring constant was set to zero. Therefore, the 

device is not tuned to a specific resonant frequency. The mass forms one of the 

capacitor’s plates. A holding force or electrostatic force is created due to pre-charging 

the capacitor which operates under constant charge or constant voltage. The conversion 

of energy starts when the frame acceleration is greater than the holding force. This 

forces the mass to move relative to the frame. If the damping force is at its maximum 

value, the mass moves from one end of the frame to the other at the peak of the frame 

acceleration and thus produces the maximum output power.     

For an application where it is necessarily to operate across a wide range of 

excitation frequencies Yeatman [21] proposed a non-resonant electrostatic harvester 

(Figure 2.12). In this harvester, the mass is held in place by pre-charging it using a 

separate power supply. The generated electrostatic force between the two plates of the 

capacitor keeps them at certain distance from each other. When the applied force is 

high enough to overcome the electrostatic force, the mass accelerates to the other side 

of the frame and discharges its energy. The suspensions are made from polyimide to 

give low suspension stiffness to avoid resonant effects. These suspensions work as 

electrical contact and mechanical stop. This device can be used for wide range of input 

motion. The output voltage waveform is in the form of pulses. Therefore, a circuit is 

required to convert the output to a DC signal.  
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Figure 2.12 Non-resonant electrostatic harvester [21]. 

2.2.2.3 Piezoelectric harvesters 

The piezoelectric effect was discovered by Jacques and Pierre Curie in the 

1880’s. They found that if certain crystals were subjected to a mechanical strain, the 

crystalline structure would generate a voltage proportional to the applied pressure. 

Conversely, these materials would deform when they were exposed to an electric field.  

Motion driven piezoelectric transducers can be divided into two main groups: 

resonant and non-resonant systems. In the case of resonant system the piezoelectric 

material can take a shape of a beam rigidly supported at one end with an attached mass 

to the free end of the beam. The mass inertia results in a relative displacement when the 

frame accelerates due to the input force.  In the case of non-resonant system, the spring 

constant is zero leading to direct force on the damper. This means a mechanical contact 

occurs between the two objects that move relative to each other which are the mass and 

the piezoelectric material. A detailed description of some of the developed prototypes 

of the piezoelectric harvesters are presented and discussed in Section 2.6.4 and Section 

2.6.5. This includes resonant and non-resonant piezoelectric harvesters. Piezoelectric 

harvesters have the simplest structure among the three different types of 

electromechanical harvesters presented in this chapter. However, the properties of the 

piezoelectric material decay and change over time. This limits the overall performance 

of the harvester.      
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2.2.3 Comparison of transduction method 

For a resonant electromagnetic transducer, the output power is proportional to the 

damping force. This force is proportional to the mass internal velocity. This means this 

harvester is more suited for higher frequency applications and the maximum power can 

be achieved when the harvester is tuned to operate at the applied frequency. Moreover, 

the optimal damping is the one that allows the mass to use all the internal available 

displacement and thus maximum power can be extracted. The optimal damping factor 

is given by the following equation [22], where Zl is the mass displacement and Yo is the 

input acceleration amplitude: 

  
l

o

Z

y
5.0=ξ           2.9 

As it has been explained in Section 2.2.1 the lower the value of the damping 

ration (ξ), the more power will be extracted at the resonant frequency. Therefore, for 

this type of harvester, the available mass displacement must be higher than the 

acceleration amplitude.  

For non-resonant electromagnetic transducers, especially at low frequencies, the 

damping force must be maximized to increase the output power. Increasing the 

damping force requires rapid flux changes. A slow moving mass requires a larger 

number of coil turns, which increases both the coil resistance and the required magnetic 

flux. This is difficult to achieve in small geometries. In general electromechanical 

harvesters that are designed to power sensors node produce output voltages of less than 

1 V. Therefore, this value should be stepped up to be used in standard electronics 

circuit. This can be achieved either by designing an electronic circuit to improve the 

output voltage [22, 23] or by increasing the effective length of the harvester’s 

conductor. As the output voltage increases proportionally to the effective length of the 

conductor, this length can be improved by increasing the coil turns. By increasing the 

length of the coil it will become more difficult to fabricate and more expensive. 

Moreover, increasing the coil turns requires a larger volume of magnets to increase the 

flux present in the air gap between the two poles of the magnet.  

Electrostatic harvesters provide high output voltage that might reach a few 

hundred volts. This value must be reduced in order to be used in suitable for powering 

low-power systems. Moreover, electrostatic harvesters suffer from parasitic capacitance 

in parallel with the harvester, which reduces the output power. Therefore, the designed 



 25 

circuit that connects between the load and the harvester has two challenges: reducing 

the output voltage and minimizing the parasitic capacitance [24]. The holding force in 

the electrostatic transducer depends on both the applied voltage and on the rate of 

change of the capacitance. Dealing with high voltage in the range of tens of volts is 

undesirable in low-power circuits. Moreover, electrostatic transducers require a pre-

charge or priming voltage to start the conversion between mechanical and electrical 

energy. However, electrostatic harvesters are easy to integrate into electronic circuits.  

For resonant piezoelectric transducers, harvesters based on beam theory are 

available commercially [25]. For non-resonant harvesters, especially at low 

frequencies, increasing the damping is the main factor to improve the output power. 

The output impedance of a piezoelectric transducer is dominated by the device 

capacitance, which is in the range of nF. Therefore, to maximize the output power the 

optimum load must match the magnitude of the capacitance impedance Cω/1 . 

Piezoelectric harvesters are attractive because the generated output voltage is in the 

range which is suitable to be used directly in a rectifying circuit. Moreover, different 

types, shapes and properties of piezoelectric harvesters are available commercially. The 

piezoelectric structures that are used to generate an output power are simple in 

comparison with the electrostatic and the electromagnetic harvesters. Moreover, the 

piezoelectric harvesters do not require an external voltage source as is the case with the 

electrostatic one.  Piezoelectric harvesters need to be strained to generate power. 

Therefore, their mechanical properties limit their performance and the lifetime of the 

harvesters.  

Beside the ultimate power limit, practical consideration must be taken into 

account when the suitable type of electromechanical harvester is chosen. As discussed 

in Section 2.2.1, a non-resonant electromechanical harvester is more suitable to 

generate power from a rotating object in comparison with resonant systems. The chosen 

type should obey some criteria such as ease to manufacture, low cost and high 

reliability. Non-resonant electromagnetic harvesters are more expensive to fabricate 

than the other two technologies. Non-resonant electrostatic transducers require separate 

pre-charge or priming voltage to start the conversion. Parasitic capacitance is one of the 

problems in this type of devices. Another problem is the leakage of the capacitor or the 

battery that will be used to pre-charge the harvester. Moreover, this type of harvester 

requires a mechanical constraint to stop the two plates from coming in contact with 

each other under the applied force.  
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The non-resonant piezoelectric harvester has the simplest structure in comparison 

with the electrostatic or the electromechanical harvesters. Therefore, a non-resonant 

piezoelectric transducer is chosen in this work. For a non-resonant device the 

conversion of energy happens when the piezoelectric element deforms due to the 

applied force. The external force can be applied on the piezoelectric structure directly 

(impact force) or indirectly. This creates some challenges including choosing the right 

type of the piezoelectric material and the right shape of the piezoelectric structure in 

order to produce the maximum power as well as provide high mechanical stability. 

Understanding the behaviour of the harvester under the applied force and its reliability 

are challenges that will be addressed in the future work.     

2.3 Extracting energy from rotation 

This section highlights the fundamental knowledge about rotation and 

demonstrates its ability to be used as a source of energy. In an effort to generate power 

from a rotating object, its rotational motion is analysed. Due to the rotational motion, 

two types of acceleration are generated; radial and tangential. The aim of the study is to 

understand the effect of these accelerations on a harvester mounted on the rotating 

object at a certain distance from the centre of rotation. The polar coordinate system is 

the most intuitive way to describe circular motion, where the position of the particle 

along the path is described by two quantities; R andθ . R is the radial distance of the 

object from the origin O. The angle θ  is defined as the angle which the vector makes 

relative to an arbitrary direction. Two units vectors can be defined er and eθ. The radial 

unit vector er always points radially outwards. Moreover, the tangential eθ unit vector is 

always normal to er in the direction of increasing θ as shown in Figure 2.13.  
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Figure 2.13 Polar coordinates   
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These unit vectors can be described in a Cartesian coordinate as following  

er = cos(θ )i + sin(θ )j         2.10  

eθ = -sin(θ )i + cos(θ )j        2.11 

where i and j  are unit vectors that points in the same direction as the x and y axes. The 

position vector R, which designates the location of an object moving in a circular 

motion around an axis, can be represented as: 

R = )cos(θR i + )sin(θR j        2.12 

The velocity of the object can be given by the following equations: 

v =
dt

d
 R = )sin(θθ

dt

d
R− i + )cos(θθ

dt

d
R j                2.13 

v ( ) ( )
444 3444 21

321
θ

θθθ

e
v

dt

d
R )jcos i sin( +−=         2.14 

The velocity vector is defined by speed and also by the direction of motion. The 

first term represents the magnitude (v). The second term represents the direction of the 

velocity vector, which is the same direction as eθ. This means the velocity vector is 

always perpendicular to the position vector as shown in Figure 2.14.  

x

R

v

v

y

v

v
v

 
Figure 2.14  The direction of the velocity vector 

This vector may change in magnitude by speeding up or slowing down. However, 

it always changes its direction as shown in Figure 2.14. The result is two different types 

of motion non-uniform and uniform circular motion. Non-uniform circular motion is a 

case in which both the magnitude and direction of v are changing, because an object 
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moves in a circular path has a varying speed. However, in uniform circular motion, 

where an object moves with constant speed along a circular path, the direction of v is 

constantly changing and its magnitude remains constant. 

Acceleration is the rate change in velocity and can be obtained by differentiation 

of the velocity vector and can be given by the following equation: 

a ( ) ( ) ( )jsin icosjcosi)sin(
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As the angular velocity (ω) equals to 
dt

dθ and
R

v ; therefore, the above equation 

becomes: 

a 
{

inward
Radially

R

v2

−= er +
{

Tangential

dt

dv
eθ        2.17  

The first term is the centripetal acceleration acp. This acceleration is always 

perpendicular to the direction of motion. The negative sign indicates that the direction 

of this acceleration is towards the centre of the circle, opposite to the direction of er. 

The second term is the tangential acceleration 
dt

dv
at =  in the eθ direction. This 

acceleration is caused by a change of speed. If the object speeds up, at is in the 

direction of motion +
dt

dv
. If the object slows down, at is opposite to the direction of 

motion –
dt

dv
. In addition, if the speed is constant at is zero. Although the object has a 

constant speed, its direction always changes due to the centripetal acceleration. In this 

case the centripetal acceleration has constant magnitude. However, its direction is 

always changing. For non-uniform circular motion, the total acceleration has a 

magnitude of a= 22
cpt aa + and its direction can be seen in Figure 2.15 
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Figure 2.15  Total acceleration for non-uniform motion 

The momentum P of a particle at any time (t) is a vector, which is defined as the 

product of the mass (m) of the particle and its velocity: 

  P= mv         2.18 

Newton’s second law of motion states that the rate of change in momentum of a 

moving object equals the resultant force and it is in the direction of that force. 

 ∑ F = 
dt

d
P = m

dt

d
v        2.19 

For the derivative of the product mv, the Newton’s second law can be written as 

following, where m is constant: 

∑ F = m
dt

d
v = ma = 

321

inward
Radially

R

mv2

−=  er + 
{

Tangential

dt

mdv
eθ      2.20  

Where m is the mass, and a is the net acceleration of the object. An object moving in a 

non-uniform circular motion has two acceleration components tangential and radial. 

The result is two force components acting in the same direction as the tangential and 

radial acceleration directions. The total force acting is the vector sum of the radial and 

the tangential components. In uniform circular motion, the velocity is constant. 

Therefore,
dt

d

dt

dv ω=  equals to zero. Thus, in uniform circular motion, the magnitude of 

the tangential acceleration is always zero and the only force is acting on the rotating 

object is the centripetal force, which can be expressed as: 
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 ∑ F = ma = 
321

inward
Radially

R

mv2

−=  er = Rm 2ω− er       2.21 

This force is constant in magnitude and it always acts opposite to the direction of the 

radius vector unit. The maximum work on the harvester is achieved when the direction 

of the applied force is in the same direction as the free movement of the harvester. In 

this situation maximum power will be extracted. Therefore, the method by which the 

harvester is mounted at the rotating object affects the amount of the generated output 

power as explained in Section 4.3. 

An object moving in a non-uniform circular motion has two force components 

acting in the same direction as the tangential and radial acceleration directions. 

However, in uniform circular motion the only force is acting on a rotating object is the 

centripetal force. Therefore an object located at a distance R from the centre of rotation 

is always under a centripetal force. Therefore, this force has a potential to be the main 

source of generating electrical power. 

The number of revolution per seconds (f ) that a rotating object is doing can be 

calculated using the following equation: 

π
ω
2

=f                                                                        2.22  

On the other hand, the angular velocity (ω ) is given by the following equation, where v 

is the linear velocity: 

R

v=ω             2.23  

The magnitude of the centripetal force is given by the following equation: 

     
R

mv
F

2

=          2.24 

Substituting equation 2.22 and equation 2.23 into equation 2.24 and rearranging terms 

yields the following equation: 

 224 mRfF π=         2.25 

 Equation 2.25 shows that the applied force on the object is directly proportional 

to the object mass and the distance between the object and centre of rotation when f is 

constant. Therefore, the further the object is mounted from the centre of rotation, the 
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more force that the object will be subjected to. Therefore, if a harvester is using the 

centripetal force to generate power, it should be mounted as far as possible from the 

centre of rotation. However, this applied force is proportional to the square of f when 

both R and m are kept constant. 

2.4 Harvesters that generates power from rotation 

All the harvesters that extract energy from rotation and presented in the literature 

are electromagnetic as mentioned in Section 2.2.2.1. The output power from these 

harvesters reduces when the rotating speed reaches a certain value due to the effect of 

the centripetal force. At high rotating speed this force reduces the relative velocity 

between the coil and the magnet causing a reduction in the output power. The aim of 

this research is to develop a piezoelectric harvester that generates a predictable amount 

of energy using centripetal force.     

2.5 Applications by which rotation is a source of energy 

The type of harvester that extracts power from rotation can be the source to 

power sensors that are mounted on a rotating object at a certain distance from the centre 

of rotation. Tyre pressure sensors are one of these examples which is discussed in 

Section 2.5.1.  

2.5.1 Vehicle tyre pressure 

Over the last few years, the safety and the reliability of different parts of a vehicle 

have improved due to the growth of the vehicle market. Tyres perform multiple tasks 

including carrying the vehicle load, transmitting mechanical input, rolling smoothly 

and providing grip for braking, steering and acceleration. Therefore, they must be kept 

in good condition and their pressure must be regularly checked.  

If the tyre pressure is less than the recommended one, the vehicle wheel rolling 

resistance increases causing more fuel consumption and accelerating the wear of the 

tyre’s tread. Moreover, under-inflated tyres reduce the vehicle’s handling stability, 

affect the braking performance by increasing the stopping distance and produce 

excessive heat that damages the tyre [26]. In addition, an under-inflated tyre increases 

the fuel consumption and hence creates more air pollution. Moreover, if the tyre is 30 
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% under-inflated, the tyre life will be reduced by 50 % [27]. Over-inflated tyres, on the 

other hand, cause poor grip and reduce the vehicle stability when braking and 

cornering. In summary, correct tyre pressure not only increases the lifetime of the tyre, 

but also reduces the fuel consumption. According to Tyre Industry Council, 90 % of all 

vehicles on the road have at least one tyre at the wrong pressure [28]. This is due to the 

fact that tyres can be more than 20 % under-inflated before the drivers realises it. 

Therefore, drivers should perform regular tyre checks at least once every week and 

especially before long journeys.  

Different types of gauge can be used to check the tyre pressure manually 

including a pencil gauge [29]. Another method of checking the tyre pressure is using 

Tyre Pressure Monitoring System (TPMS) [30, 31]. This device, which is mounted 

inside the vehicle tyre, provides an automatic method of informing the driver with the 

pressure status of each tyre. The measured data from TPMS sensors located inside the 

tyres is sent using RF signals to a receiver on the vehicle’s dashboard [32]. The 

receiver decodes and presents the pressure within each wheel to the driver. Mounting 

the pressure sensor directly inside each tyre is achieved by either fitting it to the inside 

end of the tyre valve (Figure 2.16 (a)) or on the bed rim using a stainless steel clamp 

(Figure 2.16 (b)). Each of these sensors needs a power source. At present, most of them 

are powered by a 3V lithium battery. Because of the finite battery life, different 

approaches have been used to reduce the power consumption. This can be achieved by 

using extra hardware to detect the mechanical situation of the vehicle and thus turn the 

system off when the vehicle is stationary or if both the pressure and temperature 

measurements have not changed significantly [33]. Designing low power wireless 

sensors is another method to reduce the power consumption. In current systems on the 

market, both the sensor and the transmitter are powered by batteries while the receiver, 

fixed on the dashboard, is powered by the vehicle power supply (Figure 2.17).   

 
Figure 2.16 a) Transmitter by Schrader Electronics b) Transmitter by SmarTyre [30, 31].  
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The aim of this research is to generate power from rotation. The harvester will be 

mounted on the rim. This means the developed harvester in this work has the potential 

to power TPMS which is fixed on the rim of the vehicle wheel. Both impact based and 

non-contact piezoelectric harvesters will be developed in this research and their 

suitability for this application will be discussed in Section 8.3.   
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Figure 2.17  Pressure monitoring system  

2.5.2 Generating power from the vehicle wheel 

Périsse [2] investigated the tyre-road interaction and radial vibration of a vehicle 

tyre rolling on a smooth and rough surface. Experimental measurements were 

performed on a rolling smooth tyre with test laboratory facilities. The tyre axis was 

fixed in space and the tyre belt was in contact with a rotating drum. Two types of drum 

surfaces were used; a smooth and rough surface. Radial vibrations were measured 

through a piezoelectric accelerometer mounted on the interior surface of the tyre. The 

author determined that compression forces and shearing forces were the two excitation 

mechanisms in the contact zone. Compression forces are produced by the roughness of 

the road surface and the tread patterns. However, the existence of shearing forces was 

due to the contact friction. The radial accelerations of a loaded tyre rolling on a rough 

surface were divided into stationary and non-stationary radial accelerations. It was 

found that, at low frequencies, stationary accelerations dominated over the non-

stationary vibrations. In the middle frequencies range the non-stationary vibrations 

were dominant. Stationary radial accelerations were generated due to the tyre surface 

deformation in the contact zone. In the time domain the signal from stationary 

acceleration was periodic and its magnitude and frequency depended only on the 

velocity and did not depend on the tread or road surface. Theoretically, for a smooth 
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tyre rotating on a smooth road, the shape of the acceleration signal for one revolution is 

shown in Figure 2.18. It was found that, by increasing the velocity, the length of the 

positive and negative peaks would increase. However, the width of the negative peak 

would reduce by increasing the speed due to the reduction in the contact length.  

 

Figure 2.18 Radial stationary acceleration due to the tyre-road connection [2] 

Unlike the stationary accelerations, non-stationary vibrations depended on the 

velocity and both the road and the tyre tread surfaces. For a tyre rolling on a rough 

surface, stationary accelerations were superposed with the non-stationary vibrations as 

shown in Figure 2.19.  

  Analysing the measurements in the frequency domain showed that the energy 

spectrum due to radial accelerations is mainly contained in the frequency range < 500 

Hz. This frequency range is extended with increasing speed. An important observation 

was that the magnitude of the tread acceleration response is bigger than that of the 

sidewall for frequencies above 500 Hz due to high material damping. Because vibration 

energy is concentrated in the contact area, Périsse suggested that the contact zone 

between the tyre and the road surface is the best place for mounting an energy 

harvesting device. Périsse concluded that vibration level increased with velocity.   
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Figure 2.19 Tread vibrations due to rolling on a rough surface [2] 

Allison [34] performed an experiment to understand the vibration developed in a 

rolling tyre. The model of the tyre was presented as a belt, a rigid rim and a hub. The 

hub was mounted on a suspension system and had the freedom to rotate. Experimental 

results showed that, damped vibrations due to the direct contact between the tyre and 

the road were transferred to the rim. This result agreed with the results presented by 

Périsse [2]. Recent research is trying to develop a new self powered tyre pressure 

sensor that can be molded with the tyre [35, 36].       

The mechanical energy available in the vehicle wheel and presented by both 

vibration and rotation can be converted into electrical energy. It has been found that the 

vibration in the vehicle wheel depends on the car type, driving conditions, the vehicle 

tyre tread, vehicle speed and the road condition. Therefore, the electromechanical 

harvester should be designed to operate under a wide range of applied frequencies. 

Moreover, it has been found that the vibration is available only in the contact zone 

between the road and the tyre. Therefore, the inner side of the tyre is the best place to 

mount the harvester. However, the available TPMS are mounted on the vehicle wheel 

rim. Therefore, in order to replace the TPMS battery, the harvester must be designed to 

be mounted on the wheel rim and withstand the centripetal acceleration amplitude.   

Using rotation to generate power is an alternative method, where the output 

power will depends only on the speed of the vehicle. As it has been explained 

tangential force is only available when there is a change in the vehicle’s speed. 

Centripetal force, on the other hand, is always available and its magnitude depends on 

the vehicle speed. Moreover, this force is proportional to the square of the vehicle 
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velocity. This makes centripetal force a promising solution to convert the wheels 

energy due to rotation into useful electrical energy.  

2.5.3 Self powered tyre pressure sensors 

Löhndorf et al [35] used in-plane electrostatic transducers to generate power from 

vibration available in a vehicle tyre. The power spectral density (PSD) of an 

acceleration signal measured at the inner liner of a vehicle tyre driven at 50 km/h 

showed that the acceleration signal was affected by the surface roughness of the road, 

fluctuations in driving speed, dynamics of the tyres and road conditions. According to 

Löhndorf et al, the harvester was designed to be sensitive to a wide range of 

frequencies between 1 Hz and 1 kHz. They noted that a harvester mounted parallel to 

the inner liner of a tyre was subjected to a radial acceleration and a tangential 

acceleration. The simulated results of the harvester showed that 10 µW of average 

power was generated at 80 km/h. The authors noted that the relationship between the 

output power and the vehicle velocity was linear. They suggested that maximum 

acceleration peaks of 40000-50000 m/s2 must be taken into account when designing a 

harvester.   

Keck’s [36] experimental and theoretical studies were aimed at measuring the 

extracted energy from vibration available in a vehicle tyre. The harvester shown in 

Figure 2.20 was mounted in the inner tread area of the tyre. The metal substrate beam 

with a piezoelectric layer on top enhanced the robustness of the system and allowed 

compressive stress to be developed in the piezoelectric structure. The added mass 

increased the stress around the centre of the beam and it was used to change the 

stiffness of the harvester. A harvester mounted at the inner liner of the tyre was 

exposed to gravity in the contact patch region between the road and the tyre surface and 

it was exposed to centripetal force during the residual revolution. Additionally, the 

harvester was exposed to random vibrations resulting from tyre-road interaction. 

According to Keck’s simulation results, the spring-mass harvester was designed to be 

resonant between a frequency range of 550 Hz and 600 Hz. This corresponded to a 

speed range between 80 km/h and 100 km/h. The experimental result showed that up to 

80 µW was generated at 80 km/h. However, reducing or increasing the speed by 20 

km/h resulted in half the output power. This highlighted the problem of using a 

resonant system to generate power from the tyre as explained previously by Löhndorf 

et al [35].  
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Figure 2.20 Finite element structure of Keck’s harvester [36] 

The behaviour of Keck’s harvester was described as moving from a lower motion 

stop to an upper motion stop. The lower motion stop was caused by the centripetal 

force. It was found that, during the tyre-road contact the centripetal acceleration was 

ramped up. This caused deflection of the mass and thus forcing the harvester to spring 

back to its upper motion stop. Keck noted that the output energy can be mainly 

generated during the tyre-road contact. However, at a speed up to 100 km/h a free 

oscillation contributed toward generating energy. Keck summarised the problems of the 

harvester as follows. The harvester produced maximum power when its natural 

frequency matched the applied frequency at a certain speed. Under this speed the 

stiffness of the device was enough to reduce the deflection of the upper motion stop. 

Increasing the speed, on the other hand, created a problem with the mechanical stability 

of the harvester. For this case the stiffness was not enough to withstand the force 

applied by the centripetal acceleration, which can reach 50000 m/s2.   

EoPlex developed a new process to manufacture piezoelectric harvesters for tyre 

pressure sensors [1]. The work aimed at using a bimorph piezoelectric structure, which 

was well studied in the literature, to convert some of the available vibration of the tyre 

into electricity. As shown in Figure 2.21, the harvester had a bimorph beam structure. 

The beam was fixed at one end while the other end was vibrating freely. A mass was 

built into the free end to tune the device to a certain available vibration in the tyre. 

EoPlex used printing pastes to build blocks in layers to create a 3D structure. The paste 

was a mixture of inorganic powder (e.g. glass and PZT), which created the final 

structure, and an organic portion, which allowed the paste to be printed. Another 

printing paste called ‘fugitive’ was used to build complex open areas within the 
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structure, such as channels. A CAD model was used in this technology to print masks 

which produced positive and negative images. Positive images were printed with the 

normal paste while the negative images were printed with the fugitive paste. The 

number of masks depended on the number of layers and the number of materials in 

each layer.  

The paper focused on the fabrication side rather than the practicality of using 

piezoelectric beam as a harvester inside the vehicle tyre. Resonant systems are not 

suitable to be used to extract useful power from the vehicle tyre due to the nature of the 

vibration and the high acceleration amplitude generated by the centripetal acceleration.       

 

Figure 2.21 An EoPlex energy harvester design for tyre pressure sensors [1] 

2.6 Piezoelectricity 

Piezoelectricity is the ability of certain crystals to generate an output voltage 

when they are mechanically deformed. Moreover, these types of crystals deform when 

an input voltage is applied. Piezoelectric crystals such as quartz rely on the presence of 

a spontaneous electric moment or dipole in their structure to exhibit the piezoelectric 

effect. Ceramics, on the other hand, are isotropic polycrystalline materials, where the 

direction of the spontaneous polarisation through the materials is randomly orientated. 

This leads to zero net polarisation in the material and thus no overall piezoelectric 

effect. These materials require a process called polarisation before they exhibit 

piezoelectric behaviour. The poling process involves exposing the ceramics to a strong 

electric field (106-107 V/m) at a temperature slightly below the Curie point. This 

process orients the polar domains in the direction of the external electrical field [37]. 
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When the poling field is removed, the dipoles remain locked in approximate alignment, 

giving the ceramic material remnant polarisation and making it anisotropic.  

After the poling procedure the piezoelectric properties decay with time. The 

speed at which this happens depends on the environment in which the material 

operates. There are three mechanisms that lead to depolarisation and thus the loss of 

their piezoelectric properties; electrical, mechanical and thermal.   

The performance of piezoelectric materials decreases, as the operating 

temperature increases. Once the Curie point is reached the piezoelectric material will 

lose its piezoelectric properties and become depolarized. This is due to the fact that the 

structure of the material becomes centrosymmetric with both negative and positive 

charge sites coinciding, so there are no dipoles present in the material. Therefore, the 

operating temperature should be below this point. Applying a strong electric field with 

polarity opposite to the original poling field affects the performance of the piezoelectric 

material. The limit of the strength of this field depends on the operating temperature, 

the time and the type of the piezoelectric material. Applying this field for a short time 

at a temperature below the Curie point will depolarize the material. Reverse poling can 

occur when the material is subjected to this field for a long time at a temperature near 

to its Curie point. Applying high mechanical stress can depolarize a piezoelectric 

material and lower the Curie temperature of the piezoelectric material [38]. The level of 

stress required depends on the type of the material and duration of the applied stress. 

Ageing rate is defined as the change in the properties of the piezoelectric material with 

time. When these materials are used in sensors and harvesters, the ageing will decrease 

the efficiency, sensitivity or accuracy of the devices. The ageing process depends on 

the operating conditions, structure of the piezoelectric devices and the type of the 

materials.  

2.6.1 Piezoelectric notation 

Piezoelectric materials are anisotropic, meaning their properties are dependant on 

the direction in which the properties are evaluated such as the direction of stress, 

polarisation, electrodes and applied electric field. Therefore, piezoelectric physical 

constants are defined by a system of symbols with superscript and subscript notations. 

The superscripts refer to quantities that are kept constant under boundary conditions. 

Subscripts describe the direction of action and the direction of response. The directions 

are denoted using numbers as shown in Figure 2.22. The positive direction of the z-axis 
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refers to the direction of the polarisation. The positive directions of x, y and z are 

represented by 1, 2 and 3 respectively, and the shear of these axes by 4, 5 and 6 

respectively. 

1

2

3

Direction of polarisation

4
5

6

 
Figure 2.22 Notation of axes     

The piezoelectric charge constant (dij) is defined as the mechanical strain 

experienced by the material per unit electric field applied to it (m/V). Alternatively, it is 

the electric polarisation generated in the material per unit mechanical stress applied 

(C/N).  In case of using piezoelectric materials as a harvester, the first subscript 

indicates the direction of the polarisation and the second subscript indicates the 

direction of the applied stress. Figure 2.23 illustrates two different modes in which 

piezoelectric materials are used as a harvester. Using a piezoelectric in the 33 mode 

means that both the voltage and the stress are acting in the 3 direction. This means the 

applied mechanical stress is perpendicular to the electrodes. This exploits the d33 

coefficient of the material. However, in the 31 mode the voltage acts in the 3 direction 

and the mechanical stress acts in the 1 direction. In this case the applied mechanical 

stress is parallel to the electrodes. This exploits the d31 coefficient of the material. 

Piezoelectric voltage constant (gij) is defined as the electric field generated per 

unit mechanical stress applied, or the mechanical strain developed in the material per 

unit electric displacement applied. As with the piezoelectric charge constant, the first 

subscript indicates the direction of the electric field generated and the second subscript 

indicates the direction of the applied stress.   

The permittivity or the dielectric constant of the material (ε) is defined as the 

dielectric displacement per unit electric field. Elastic compliance constant (c) is defined 

as the strain produced per unit of stress applied to the material. Thus Young’s modulus 

(Y) is given by the following equation: 
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strain

stress

c
Y == 1

          2.26 

Another important constant is the electromechanical coupling coefficient (k), 

which indicates the material’s ability to convert mechanical energy into electrical 

energy or vice versa.  

 
Figure 2.23 Two different modes in which piezoelectric material can be used   

Piezoelectricity is a combined effect of the mechanical and electrical behaviour. 

The mechanical behaviour defines the relationship between the stress (σ) and strain (S) 

through Hooke’s Law: 

[ ] [ ] [ ] 6,16,1,6,1 === ⋅= ααβααβαασ SY      

 2.27 

The stress is given as the ratio of the acting force on the element surface to the 

area of the element. This tensor has six components. The strain is defined as a relative 

deformation of the original length and this tensor has 6 components.   

The electrical behaviour defines the relationship between the electric field E and 

the electric displacement D and is given by the following equation: 

[ ] [ ] [ ] 3,13,1,3,1 === ⋅= αε ijiijii ED         2.28 

The vectors E and D are each defined by three components. These equations can 

be coupled using the piezoelectric constant matrix to give the piezoelectric equations:  
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ii
E EdcS ⋅+⋅= αβαβα σ         2.29 

iij
T

ii EdD ⋅+⋅= εσ αα         2.30 

Where α, β = 1, 6 and i, j = 1, 3. 

2.6.2 Piezoelectric materials 

Piezoelectric materials can be used as harvesters, sensors, ultrasonic transducers 

and actuators. For this research these materials are used as harvesters where mechanical 

energy is converted into electrical energy. Piezoelectric materials can be categorized 

into three groups:  

• Crystals such as quartz  

• Piezoelectric ceramics such as barium titanate (BaTiO3) and lead 

zirconate titanate (PZT)   

• Piezoelectric polymers such as polyvinylidene fluoride (PVDF). 

The earliest piezoelectric materials were crystalline materials that exhibited 

natural polarisation. These crystals can only be cut along certain crystallographic 

directions. This limits the possible shapes and sizes for harvester designs. The 

piezoelectric properties of lead zirconate titanate (PZT) were discovered in the 1950’s. 

PZT with various additives has since become the dominant piezoelectric ceramic due to 

its high stability. Different types of PZT have been developed and tailored for different 

applications. These materials can be divided into hard and soft materials. Hard 

materials such as PZT 4 and PZT 8 have a high mechanical quality factor (Q), low 

dielectric constant, and low mechanical and dielectric losses. Therefore, this type of 

ceramic has been used in applications where a high level of mechanical stress and 

electrical excitation are applied, e.g. sonar. On the other hand, soft materials such as 

PZT 5H offer better sensitivity and permittivity, at the cost of more losses, and a lower 

Q. This type of ceramic has been used in applications such as low power harvesters and 

sensors.  

The type of piezoelectric material selected for power harvesting applications has 

a major influence on both the performance and the functionality of the harvester. 

Comparing between different types of piezoelectric materials means comparing their 

properties. Materials with higher strain and coupling coefficients have a higher 

potential for energy conversion. Piezoelectric materials have high impedance resulting 

in a higher voltage and a lower current output in comparison to the electromagnetic 
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harvesters. However, materials with a high dielectric constant are preferable for some 

applications because it lowers the source impedance of the harvester.  

Although PZT is widely used as a power harvesting material, it is brittle [39]. 

This causes limitations in the strain level that can be applied. In order to eliminate the 

disadvantages of piezoelectric ceramic materials, other more flexible piezoelectric 

materials are developed and used in certain applications, where flexible materials are 

required. PVDF has the ability to withstand large amount of strain leading to more 

mechanical energy available for conversion into electrical energy [40]. Although, this 

material has a low electromechanical coupling coefficient (k) it is ideal for many 

applications because of its higher tensile strength, lower stiffness and its ease of 

manufacture.   

2.6.3 Piezoelectric pre-stressed devices  

The type of piezoelectric material, the design of the harvester and its size affect 

the amount of the output power that the harvester provides under the same conditions 

of the input force. All these parameters depend on the type of application and the nature 

of the input force. In order to generate power from a rotating object using a non-

resonant piezoelectric harvester mounted at a certain distance from the centre of 

rotation, the design, shape, type of the piezoelectric materials and the method by which 

the harvester will be mounted on the rotating object will be studied and addressed in 

this research. The basic requirements for the piezoelectric harvester will be: 

• The ability to convert most of the applied mechanical energy into 

electrical energy. This can be achieved by choosing the right design and 

materials. This means piezoelectric material should have high value of k. 

Another factor that must be taken into account during the design of the 

structure of the piezoelectric harvester is the value of the product of the 

effective piezoelectric charge constant (deff) and the piezoelectric voltage 

constant (geff). The output power is proportional to this value [41].  

• Low value of the total mass of the harvester, in a range of few grams, in 

order not to influence the rotating object performance.  

• The ability to generate an output power at any rotating speed ranging 

from 15 km/h to 150 km/h when the harvester is mounted on the rim of 

the vehicle wheel that has a radius of 25.25 cm. The harvester should 

have the ability to generate enough power for the first transmission after 



 44 

100 tyre revolutions at low driving speed [42]. Moreover, the harvester 

should survive without damage 300 km/h.    

• The ability to withstand and operate in an environment where the 

temperature might vary from -20 oC to 200 oC. The temperature values 

are evaluated by Continental Automotive Gmbh. Therefore, PVDF 

piezoelectric material is not suitable for this application as its melting 

point is around 170 oC.    

• High mechanical stability. 

Pre-stressed piezoelectric harvesters are an attractive design for mechanical to 

electrical energy conversion. Examples of pre-stressed devices include Rainbow and 

Thunder™ [43]. Induced stress in the piezoelectric structure in a form of a curvature is 

formed in Thunder™ during the cooling procedure due to the different thermal 

shrinkage of the piezoelectric and the passive material (electrodes). However, the 

curvature in the Rainbow device is formed due to the mismatch in sintering shrinkage. 

The piezoelectric coefficients are a function of the stress bias in the material which can 

be used to enhance the properties of the piezoelectric transducer. Moreover, by adding 

mechanical pre-stress to the piezoelectric harvesters, their behaviour and shape will 

change [44].  It is found that the induced stress in the pre-stressed devices enhance the 

value of the piezoelectric charge constant (d31) by a factor (A). According to Kim [41] 

the effective piezoelectric charge constant (deff) for pre-stressed harvesters is given by 

the following equation: 

3331 ddAdeff +=         2.31 

This enhances the strain developed in the piezoelectric harvester leading to an 

increase in the output power. It is reported that for PZT 5H its d31 increased from -190 

pm/V to -994 pm/V by making the structure pre-stressed [45]. Moreover, a pre-stressed 

harvester has higher electromechanical coupling factor and higher mechanical strength 

under the same value of the compressive stress than the same harvester without the pre-

stressed characteristics. Therefore, pre-stressed Thunder™ transducer with Curie point 

of 350 oC is used in this project. 

2.6.3.1 Thunder™ technology 

Thunder™ is a NASA invention and is only available through Face International 

Corporation. Thunder™ is a ferroelectric device made of multiple layers bonded on top 

of each other to form a sandwich. The bottom layer is a stainless steel substrate 
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followed by an adhesive, thin layer unimorph PZT, another adhesive layer and 

aluminium on top. Both top and bottom layers are used as electrodes. The bottom layer 

has a tab on both ends with slots for mounting as can be seen in Figure 2.24. 

 

Figure 2.24 Thunder™ construction [46] 

The manufacturing process involves heating the entire assembly at a high 

temperature (320 oC) and cooling it down to room temperature [47]. The strength of the 

adhesive bond holds the different layers together. During the cooling procedure, the 

mismatch in the thermal expansion coefficients causes the metal and the ceramic layers 

to contract at different rates. The result is internal pre-stresses that are developed in 

different layers. The pre-stress keeps the stainless steal substrate in tension and the PZT 

in compression and creates a domed shape as shown in Figure 2.25. This allows 

Thunder™ to be deflected more than standard piezoceramics without cracking. These 

devices can be used both as actuators and sensors.  

 

Figure 2.25 Internal pre-stresses [46] 

As a harvester, the mechanical deformation within the PZT layers produces 

electrical energy. These deformations are accomplished by using the Thunder™ as a 

cantilever or a simple beam. Thunder™ are clamped firmly at one end when they are 

used as cantilevers as shown in Figure 2.26 (a). Using Thunder™ as a simple beam 

means one end should be completely fixed, while the other end is simply supported 

[48] as shown in Figure 2.26 (b). Rigidly fixing both ends prevents the Thunder™ from 

moving and thus reduces the output power.       
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Figure 2.26 a) Cantilever [46]. b) Simply supported Thunder™ [46] 

2.6.4 Piezoelectric harvesters based on resonant system 

Since piezoelectric materials were first used as harvesters, numerous theoretical 

and experimental studies were performed to improve their efficiency and power 

generation capabilities. In general, this can be achieved by choosing a suitable type of 

material, operating at a suitable mode, tuning the resonant frequency of the harvester 

and adding pre-stress to maximize the coupling and the applied strain of the material 

[32, 39]. The type of piezoelectric material selected for power harvesting applications 

has an important influence on the output power. 

The two practical coupling modes in which piezoelectric material can be used are 

the 31 mode, i.e. cantilever configuration, and the 33 mode, i.e. stack configuration. 

Other modes are not considered due to their relatively small coupling coefficients 

compared with 31 and 33 modes. Although the coupling coefficient for 31 mode is 

lower than the 33 mode, the 31 mode has been the most commonly used coupling 

mode. This is due to the fact that a harvester operating in 31 mode develops more strain 

and has a lower resonant frequency than one that operates in 33 mode. These results 

were discussed by Roundy et al [25]. 

Baker et al [49] compared the output power of a piezoelectric stack operating in 

33 mode to the output power of a cantilever beam operating in 31 mode of equal 

volumes. It was found that although the stack had a higher coupling coefficient, the 

cantilever produced two orders of magnitude more power when subjected to the same 

force. This result is due to the fact that the mechanical stiffness in the stack 
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configuration is higher than the one in the cantilever configuration which makes 

straining of the material difficult. It was concluded that a stack configuration had more 

mechanical stiffness and was more suitable for high forces. Baker et al concluded that 

using a cantilever configuration was more efficient in an environment with small 

acceleration amplitude (~10 m/s2). In this case because the applied force is small the 

stack mechanism would be unable to generate significant energy.  

Therefore, generating power from a rotating object using a non-resonant 

piezoelectric harvester requires the piezoelectric element to operate on the 33 mode. 

This is because mode 33 has higher coupling coefficient and thus higher efficiency than 

31 mode. Moreover mode 33 is more robust under impact force especially if the force 

has been generated by the centripetal force where the acceleration amplitude can reach 

a value that is 3 orders of magnitude greater than the gravitational acceleration [42].      

Yang et al [50] has shown that the output power of a piezoelectric plate operating 

in the 33 mode was proportional to the coupling coefficient. Their analytical 

calculations showed that, when the harvester operated at resonance, the output power 

increased significantly. The authors concluded that higher displacements and strains 

were observed in the material when the driving frequency was close to the resonant 

frequency of the system.  

A cantilever configuration which consisted of one single piezoelectric material 

mounted on a metallic cantilever beam was described by Glynne-Jones et al [51]. This 

unimorph configuration provided a low resonant frequency and resulted in high average 

strains for a given input force. The work included a method to reduce the harvester 

resonant frequency by placing a mass on the free end of the beam. This made the 

system more likely to be driven at resonance in the natural environment, thus providing 

more power. The results showed that the resonant frequency of the cantilever was 

reduced by increasing the mass on the end of the beam. The same conclusion is 

observed and drawn by Gurav et al [52] 

Ng and Liao [53] work was focused on using a bimorph configuration. Their 

study was aimed at improving the power harvesting capability of a unimorph beam by 

using two piezoelectric sheets with a metallic layer between them. As the beam 

deformed, the top layer of the element was in tension and the bottom one was in 

compression or vice versa. In parallel poling the current produced by each layer will be 

superposed. In this case, the poling of the two layers is in the same direction. However, 

in series poling, where the two layers are poled in opposite directions, the voltage was 
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added. The experimental study showed that the unimorph beam was more suitable for 

lower frequencies and load resistance. The bimorph configuration with piezoelectric 

layers electrically in parallel had the highest power output, under medium frequencies 

and load resistance. The series configuration, on the other hand, under high load 

resistance and frequencies produced the greatest power.  

The cymbal transducer was developed by Kim et al [54]. It had two dome-shaped 

metal end-caps which were bonded on both sides of a piezoelectric circular plate. A 29 

mm diameter, 1.8 mm thickness piezoelectric plate and 0.4 mm thick steel end-caps 

produced 52 mW of power into a load of 400 kΩ. The applied force was 70 N at a 

frequency of 100 Hz.  The structure of the device can be seen in Figure 2.27.  

The authors argued that cymbal transducer provides higher output power than 

other transducer structures such as multilayer stacks and bimorphs. This result is due to 

the fact that the effective piezoelectric electrical coefficient of the cymbal device is 

amplified several times. As the output power is proportional to both the effective value 

of charge constant (deff) and voltage constant (geff), increasing these values resulted in 

an improvement in the output power. The value of the effective charge constant can be 

given as following:  

3331 ddAdeff +=          2.32 

where A is amplification factor. The amplification factor can be in the range of 10–100 

depending on the design of the caps. The value of geff is proportional to the effective 

value of deff. The increase in the values of the piezoelectric electrical coefficient is due 

to the presence of a cavity which allows the steel end-caps to serve as a mechanical 

transformer for transforming and amplifying a portion of the incident axial stress in the 

radial stresses of opposite sign.    

 

Figure 2.27 The cymbal transducer developed by Kim [54] 
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A novel configuration was developed by Baker et al [49], in which a piezoelectric 

beam was compressed, fixed at both ends with pins and a 22 gram mass was attached to 

the centre of the beam (Figure 2.28). The device generated power by snapping from 

one stable mode to another (bi-stable). The group found that, the bi-stable device 

required an acceleration amplitude four times higher that the gravity acceleration to 

snap the beam between its two modes. Both compressed and uncompressed beams were 

tested by changing the frequency between 20 and 100 Hz. This range of frequencies 

was chosen by the authors because it covered the resonant frequencies for both designs. 

It has been found that bi-stable device generate around 30 % to 100 % more power than 

the uncompressed device. It was concluded that a bi-stable configuration is required 

when the excitation frequency keeps changing and thus the device has more available 

power than the uncompressed beam. 

Another example of bi-stable devices is a piezoelectric ultrasonic transducer [55]. 

The thermal expansion coefficient was mismatched between the silicon membrane and 

the PZT layer deposited on its surface. This resulted in a build-in stress within the 

structure. The membrane was found to snap from one position to another by rotating 

the device in the earth’s gravitational field due to the deflection of the centre of the 

membrane.  

 

Figure 2.28 Schematic of bi-stable mechanism (after [49])  

For a bi-stable device the maximum power will be extracted when the device 

resonant frequency matches the applied frequency. The output value reduces when the 

applied frequency drops either side of the resonant frequency. However, this drop is 

lower that the one provided by the standard beam. Therefore, the output power 

generated by a compressed beam device is higher than an uncompressed one. 

Moreover, the beam starts to snap from one side to another when the input acceleration 

amplitude reaches its critical value. Below this value the snap will not happen. 
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However, above this value the stress developed, where the beam has been rigidly fixed, 

increases. This affects the mechanical stability of the device. This structure is not 

suitable to convert the rotational energy into electrical energy because the centripetal 

acceleration changes over a wide range of amplitude depending on the rotating speed.  

2.6.5 Impact coupled piezoelectric harvesters  

Harvesters based on resonant piezoelectric transducers delivering sufficient 

power for sensors located in different environments are developed. However, when the 

sensors are located in an environment where the applied acceleration amplitude is 

greater than the internal displacement of the harvester’s mass, using resonant systems 

to power these sensors is not sufficient. For this reason, this section discusses and 

analyses an alternative way to generate power using non-resonant piezoelectric 

transducers. In this system a direct contact between the mass and the piezoelectric 

bending structure creates an impact force on the piezoelectric material. The 

deformation of this material generates an output power.    

Umeda et al [56] performed an experiment to illustrate a new mechanism of 

electric power generation in which mechanical impact energy is transformed into 

electrical energy using a piezoelectric transducer. They introduced an electrical 

equivalent model to simulate the generation mechanism and analyse the transformation 

efficiency as functions of the coupling coefficient (k), the dielectric loss (tanδ) and the 

quality factor (Q) of the transducer. Umeda et al studied the collision between a steel 

ball and a piezoelectric disk fixed to the holder at its edge as shown in Figure 2.29. The 

output of the transducer was connected to a load resistance (RL). The ball had a mass of 

5.5 grams and was at a height h from the centre of centre of the disk. Numerical 

calculations showed that 76 % of the impact energy was transferred back to the ball as 

kinetic energy.  

Steel ball

h

RL

Piezoelectric 
vibrator  

Figure 2.29 Principle of Umeda et al generation (after [56]) 



 51 

Umeda et al noted that the output energy increased when the transducer was left 

to vibrate at its resonant frequency after the collision without the ball bouncing off with 

the transducer. No physical explanation of the dynamic behaviour of the impact was 

given in Umeda’s work. They concluded that the transducer efficiency increased by 

increasing Q and k and reducing tanδ. The simulation results carried out by Umeda et al 

showed that the resonant frequency of the piezoelectric disk vibrating on its own, 

without the ball, is around three times higher than when the ball is in contact with the 

disk while its vibrating. Moreover, Umeda [57] investigated the characteristics of 

energy storage using a bridge rectifier and a capacitor. This energy storage is essential 

to convert the generated pulses into a DC signal that can be used to power sensors.   

Renaud et al [58] tried to explain the impact dynamics of their harvester which 

had the same characteristics as the one developed by Umeda et al. The piezoelectric 

harvester designed by Renaud et al was aimed at transforming mechanical power from 

human limb motion into electrical energy. They argued that using a non-resonant 

harvester was more suitable for their application than a resonant system. In this system, 

the kinetic energy of a sliding mass was transformed into useful energy using 

piezoelectric cantilevers as shown in Figure 2.30. The equations of motion were 

integrated numerically to calculate the output energy. The assumptions made were that 

the collisions were perfectly inelastic and the mass of the cantilevers were smaller than 

the free mass. This created a highly damped situation, where the mass stuck to the 

cantilever until the frame acceleration changed direction. The level of the output power 

was increased by introducing a holding force. This was achieved by placing magnets on 

both sides of the frame and using ferromagnetic mass. This holding force allowed the 

mass to move when the frame reached its maximum acceleration. After the separation, 

the cantilever did not vibrate. The theoretical results showed that the harvester was 

capable of generating 40 µW/cm2 when it was mounted on the wrist of a walking 

person. However, in practice the collision was elastic and high frequency vibrations of 

the cantilever were observed after the separation of two bodies.  
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Figure 2.30 Piezoelectric harvester designed for human application ( after [58]) 

A later theoretical study by Renaud et al [59] explained the dynamic behaviour of 

the piezoelectric transducer under an impact excitation. The non-resonant piezoelectric 

harvester developed by Renaud has the same concept of extracting electrical energy 

from kinetic energy as the one proposed in this thesis. The difference between the two 

harvesters is that the one proposed in this thesis (Chapter 4) has a ball bearing as a 

mass. This means the impact area is small and the friction between the moving mass 

and the frame is negligible. In the harvester that has been developed by Renaud, there is 

more contact surface between the sliding mass and the frame and thus more friction 

will be generated between them. For modelling, Renaud used a piezoelectric cantilever 

where the impact force is located at the tip of the cantilever. However, for the design 

proposed in this thesis the piezoelectric beam is pre-stressed and the applied force is 

located at the middle of the pre-stressed beam. This means not only the amount of the 

output power will be different, but also the behaviour of the piezoelectric structure 

under impact will differ. As the dynamic behaviour of the pre-stressed beam under 

impact force has not been exploited before, the work of this thesis will focus on 

analysing this behaviour. The mechanical stability of the proposed harvester is reflected 

and studied in this work at the maximum applied rotating speed. This can be achieved 

by optimizing the harvester geometry such as the mass weight, the tube length and the 

stiffness of the beam that the pre-stressed beam is mounted on.  

The design and the modelling of a piezoelectric pulse harvester is presented and 

discussed by Keawboonchuay et al [60, 61]. This investigation presented a theoretical 

description of the harvester under impact force. Keawboonchuay et al performed 

experiments on a piezoelectric harvester to compare the results with a computer model. 
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The piezoelectric element produced a voltage pulse when it was mechanically 

compressed. This harvester consisted of the piezoelectric material located between two 

steel masses, i.e. 70 grams compression mass and 30 grams front-end mass as shown in 

Figure 2.31. The dimensions of the compression mass, piezoelectric and front-end mass 

were 0.3 m, 0.0127 m and 0.1 m respectively. Force was applied to the compression 

mass which compressed the piezoelectric material and generated the output voltage. 

The impact force was introduced by either decelerating a projectile containing the 

piezoelectric harvester into a target or dropping a mass into the harvester. The 

experiment gave results that agreed with the model in the second experiment when a 

mass was dropped into the harvester. The experimental peak output power was found to 

be 15.6 kW when 9 kg of mass was dropped from 1 m height into the harvester. This 

generated 7 kN impact force. From the first experiment, both experimental and 

simulation results gave the same shape and signal width. However, the magnitude of 

the peak power of the simulation results is around four times higher than the 

experimental one due to a diagnostic problem. The experimental peak power was 28.4 

kW. The speed by which the projectile was launched to the ground was 300 m/s. The 

simulated model gave the displacement of the piezoelectric material caused by the 

impact force. The piezoelectric displacement was found to be proportional to the 

impact force according to Hooke’s law and it has been used to calculate the mechanical 

energy.  

A later study was conducted by Keawboonchuay et al [62] on the behaviour of 

the piezoelectric transducers under quasi-static and dynamic stress conditions. The 

electromechanical model was presented and used to explain the effects of different 

stress conditions on the harvester. For quasi-static stress, the rising and falling time of 

the applied force pulse were more than the time constant (RC) of the piezoelectric 

transducer. Therefore, the output voltage had two peaks; a positive peak during the 

rising edge of the applied force pulse and a negative peak during the falling edge of the 

applied pulse. Under dynamic stress, the length of the applied force pulse is less than 

RC. This produced a positive peak only with higher output voltage amplitude. The 

authors concluded that when equal stresses were applied to the harvester, the dynamic 

stress generated 10 times more output voltage than the quasi- static stress. The 

simulation results agreed with the experimental results. 
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Figure 2.31 Mechanical configuration of piezoelectric disk under impact force (after [60])         

The study performed by Cavallier et al [63] was aimed at improving the energy 

harvesting capability by introducing a vibrating structure excited by an impact force. 

They claimed that using a vibrating structure as a storage element for mechanical 

energy improved the quality factor (Q) of the harvester. In their design the ball bearing 

introduced the shock load. The energy from the shock load was stored in the beryllium 

brass frame and the Si beam as shown in Figure 2.32. Cavallier et al’s experimental 

results showed that using a Si beam as an energy storage element did not improve the 

output energy because this layer introduced clamping and interface losses to the design. 

This study did not explain the difference in the output energy between applying the 

shock directly into a PZT harvester or through the beryllium brass frame. The authors 

did not explain the effect of using an energy storage element on Q as they predicted. 

Moreover, no theoretical calculations were introduced to explain the experimental 

results.  

The beryllium brass works as a frame that extracts some of the kinetic energy 

provided by the impact force of the ball bearing. Some of this extracted energy will be 

transferred to the piezoelectric beam. In this case, the beryllium brass acts as an 

intermediate layer to protect the piezoelectric beam and thus increases the reliability 

and its lifetime. However, adding an intermediate layer increases the mechanical loss 

and thus less power will be generated.         

Kymissis et al [64] performed an experiment to extract energy from human 

weight transfer during walking. Nike running shoes were used to carry out the 

experiment. For this experiment an average man’s shoe size has been used. Two types 

of piezoelectric materials were used; a thin flexible foil of PVDF and PZT Thunder™. 
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The PVDF foil was moulded into the shoe sole, while the Thunder™ was mounted in 

the shoe heel. The results showed that a maximum peak voltage of 60 V and 150 V 

generated by PVDF foil and PZT respectively. The peak power approached 20 mW for 

the PVDF foil and 80 mW for a Thunder™ per step.    

 

Figure 2.32 PZT/Si/PZT harvester designed by Cavallier et al [63] 

2.7 Conclusion 

There are three techniques to convert the kinetic energy into electrical energy 

electromagnetic, electrostatic and piezoelectric transduction. These techniques can be 

used as resonant and non-resonant systems based on the value of the spring constant. 

Non-resonant systems can be achieved by omitting the spring constant. Resonant 

converters are more effective if the excitation vibration provides a single frequency that 

matches the harvester’s resonant frequency. However, this system is not suitable for 

harvesting energy when the frequency of the excitation vibration is not matching the 

resonant frequency of the harvester or if this frequency is irregular and has a large 

amplitude compared to the frame-mass displacement amplitude. It was found that in 

order to extract power from rotational motion, a non-resonant harvester is preferable.  

 A comparison between the three different transduction techniques showed that 

piezoelectric transducers are the most suitable candidate for this application. 

Piezoelectric transducers provided high output voltages and low electrical current in 

comparison with the electromagnetic harvester. Moreover, their output impedance was 

greater than the electromagnetic harvesters. However, this can be reduced by 

introducing a suitable design. Unlike the electrostatic convertors, separate voltage 

sources or mechanical stops were not required for this type of harvester. A pre-stressed 

curved piezoelectric cantilever was shown to be effective in increasing both the general 
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developed strain in the piezoelectric material and thus the output power of the harvester 

and the mechanical stability of the piezoelectric structure. 

Various piezoelectric configurations based on converting mechanical energy into 

electrical power were discussed in the literature. Some of these were based on resonant 

system such as the beam configuration. Others were based on non-resonant systems, 

where direct contact between the mass and the piezoelectric material will occur due to 

the applied force. Using impact force to generate power from piezoelectric transducer 

was identified in the literature as an important method of energy harvesting. The 

combination of experimental and theoretical work was used in an attempt to achieve 

better understanding of the behaviour of the piezoelectric harvester under impact 

forces.  

A concept of an energy harvester that converts the rotational motion into linear 

one when it is mounted on a rotating object was discussed. It was concluded that 

piezoelectric harvester based on non-resonant system was the most suitable one for this 

application. In this system a direct force will be applied between the mass and the 

piezoelectric structure. The contact between the mass and the piezoelectric structure 

occurs due to the effect of the rotational forces. Other methods that generated output 

power from rotation using electromagnetic harvesters were presented and discussed. 

Their suitability for extracting power by being mounted at a certain distance from the 

centre of the rotating object was analysed and their limitations were highlighted. It was 

concluded that these harvesters had the ability to generate power from a rotating object 

when the rotating speed was low. At high rotating speeds, the behaviour of these 

harvesters became chaotic and their output power reduced due to the effect of the 

centripetal force.   

The aim of this thesis is to design a harvester that can be mounted on a rotating 

object and extract electrical power from the rotational forces in general and the 

centripetal force in particular. Generating power from the vehicle tyre is one of the 

applications for which the harvester can be used. Two different methods can be used to 

extract the kinetic energy presented in the vehicle tyre including vibration and rotation. 

Previous works have identified the contact zone between the tyre and the road surface 

to be a promising area for generating power as vibration decays rapidly outside this 

zone. In this case, the harvester should be mounted in the inner side of the tyre. 

Moreover tyre vibration depends on the vehicle type, road conditions, driving 

conditions, tyre tread surface and the vehicle speed. Some of the harvesters presented in 
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this chapter were designed to convert the vibration due to the tyre deflection in the 

contact zone into electrical energy. Although the vibration range was found to be 

between 10 Hz and 1 kHz, all the harvesters that were mentioned in the literature were 

based on a resonant system. This means they can provide maximum power only when 

the applied vibration matched their natural frequencies. As these harvesters were 

mounted on the inner side of the tyre, overload protection became an essential 

consideration. Using rotational forces is another method that can be used to generate 

power from the vehicle tyre. Tangential force as one of the rotational forces is available 

only when there is a change in the vehicle speed, whereas centripetal force is always 

available and its amplitude depends only on the vehicle speed. Therefore centripetal 

force can be considered to be a promising source of electrical power. In this case, the 

harvester can be mounted on the rim of the vehicle wheel instead of the inner side of 

the tyre.    
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Chapter 3  

A general model and 

performance of a piezoelectric 

pre-stressed beam 

3.1 Introduction 

In this chapter, an analytical model of the composite beam that uses piezoelectric 

materials as a source of harvesting energy is developed and discussed. The model 

development is divided into two main sections. Firstly, a static model that relates the 

stress developed in the composite structure to the developed curvature is analysed. The 

composite beam consists of different materials that have different values of thermal 

expansion coefficient. Therefore, during the manufacturing process, different stresses 

develop in each layer which causes a bending moment to be induced within the 

structure. When the composite beam is released from its flat configuration, the 

developed stresses are relieved causing the beam to have a curvature. Secondly, a 

dynamic energy based model beside the fully coupled electro-mechanical harvester is 

developed to calculate the resonant frequency of the structure and predict the output 

power. Thunder™, model TH 10-R is used in this analysis as an example of a curved 

pre-stressed beam. The effect of the boundary conditions of the Thunder™ beam on its 

stiffness damping and resonant frequency is analysed analytically and experimentally.      
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3.2 Theoretical analysis of piezoelectric pre-stressed beam 

A Thunder™ beam is a composite beam because it consists of three thin layers; a 

stainless steel base, a piezoelectric layer and an aluminium top cover. These layers are 

bonded together using LaRC SI polyimide adhesive layers. The top and bottom layers 

work as an electrode, while the piezoelectric material converts mechanical energy into 

electrical energy. At this stage the beam is flat as shown in Figure 3.1, where ha, hb, hc 

refer to the thickness of stainless steel, piezoelectric and aluminium layer, respectively. 

ya, yb, yc refer to the coordinate of the centrelines of stainless steel, piezoelectric and 

aluminium layer, respectively. Lsteel and LPZT refer to the length of the stainless steel and 

the piezoelectric layer, respectively. During fabrication, the structure is heated up to 

325 oC and left to cool down to the room temperature 25 oC. The difference in the 

materials thermal expansion coefficients cause a stress to be generated within the 

structure. These stresses generate a bending moment that causes the beam to bend 

creating a curved beam. During the cooling period the stainless steel layer shrinks more 

than the piezoelectric layer as its thermal expansion coefficient is higher than the 

piezoelectric layer. Therefore, the PZT layer is put under compression while the 

stainless steel layer is put under tension. Moreover, each layer has a different elastic 

modulus. Therefore, different stresses will be developed in each layer.  

Stainless steel 

PZT

Aluminium

ha

hb

hc

ya

yb

yc

L steel

LPZT

 

Figure 3.1 The three layers of the flat Thunder™ beam. 

The first step in modelling Thunder™ under an input force is to find the 

relationship between the applied force and the displacement. In order to do that an 

analysis of the stress developed within the structure, due to the mismatch in the thermal 

expansion coefficient between the three layers, is carried out. This is followed by 

calculating the beam curvature due to the thermal effect as well as the maximum 
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applied force required to return the beam to a flat state. Finally, the resonant frequency 

of the structure is calculated. 

3.2.1  Location of the neutral axis 

In order to calculate the beam curvature that results from the thermal stress, 

bending theory must be applied. This requires a constant value of Young’s modulus 

across the structure. As a composite beam, different values of Young’s modulus are 

presented across the section of the structure. This can be solved by transforming the 

cross section of the composed beam (Figure 3.1) into an equivalent cross section that 

consists of only one material. The new cross section is called the transformed section. 

For this calculation, stainless steel is chosen to replace the other materials. As the 

aluminium layer of the fabricated Thunder™ is thin in comparison with the other two 

layers, its effect will be ignored. However, the piezoelectric section will be replaced 

with an equivalent section of stainless steel material. The width of the equivalent 

stainless steel section is proportional to the modular ratio (n) which is given by 

equation 3.1 , where PZTY and steelY  are the young modulus of the PZT and the stainless 

steel materials, respectively as given in Table 3.1 [65].  

steel

PZT

Y

Y
n =           3.1 

Therefore, the equivalent stainless steel length (L′ ) is given by the following 

equation, where (PZTL ) is length of the piezoelectric layer [65]:  

 PZTnLL =′           3.2 

Figure 3.2 shows the transformed section, which consists of one material. As can 

be seen, the part of the beam that is made originally from stainless steel will not 

change. However, the part which is made of piezoelectric material changes into an 

equivalent section of stainless steel.  

In order to determine the bending caused by the thermal effect, the position of the 

neutral axis (NA) must be found. As the thermal effect causes the beam to bend, one 

surface of the beam is subjected to tension and the other surface of the beam to 

compression. This creates a region in the beam structure where the stress is zero. The 

equivalent structure can be used to determine the position of the neutral axis. The 
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position of NA can be calculated by taking the moment of area about the base of the 

structure using the following equation [65]: 
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     3.3 

where iy , iA  are the coordinates of the centrelines and the cross section of each 

layer, respectively as shown in Figure 3.2.  

Stainless steel 
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stainless steel
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n L PZT

L steel
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Figure 3.2 Transformed cross-section of a composite beam with the position of neutral axis. 

3.2.2 Thermal stress in piezoelectric pre-stressed beam 

When a flat composite beam is subjected to a change in temperature (T∆ ) during 

the fabrication procedure, each layer expands at a different rate depending on its 

thermal expansion coefficient (α). During the cooling process, when the temperature 

dropped from 325 oC to 25 oC, the composite beam is left to bend. As the thermal 

coefficient of the stainless steel material is higher than the one for the piezoelectric 

material, the stainless steel will be under tension and the piezoelectric layer will be 

under compression. The thermal expansion coefficient of the stainless steel material 

( steelα ) is (17.3 ×  10-6/oC), while the thermal expansion coefficient for the PZT material 

( PZTα ) is (3 ×  10-6/oC). In order to calculate the amount of stress generated in the 

structure, two rules will be applied. 

1. The sum of the expansion of the stainless steel and the compression of the 

PZT layer equals the difference in the free length [65].  

TLL
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    3.4 

Where steelσ  and PZTσ  refer to the stress developed in the stainless steel and the 

piezoelectric layer, respectively.  
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2. The tensile force applied to the piezoelectric layer by the stainless steel 

layer is equal in magnitude to the compression force applied by the 

piezoelectric layer to the stainless steel layer [65].  

steelsteelPZTPZT AA σσ −=         3.5 

By assuming that the area of the piezoelectric layer (APZT) equals to the area of 

the stainless steel layer (Asteel) multiplied by a factor m, the stress developed in the PZT 

layer can be found using the following equation:   

m
steel

PZT

σσ =           3.6                                                             

By substituting equation 3.6 into equation 3.4, the stress developed in the 

stainless steel layer can be calculated using equation 3.7. 
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The magnitude and the direction of the generated stresses in the structure within 

each layer are illustrated in Figure 3.5. These stresses are presented as uniform 

distributed loads as shown in Figure 3.5 (a). As a result of the developed stresses, the 

beam will bend. The deflection of the beam is described and calculated in the next 

paragraph.  

3.2.3 Maximum allowed deflection in the piezoelectric pre-stressed beam 

In order to calculate the deflection of the composite beam caused by thermal 

effects, the bending moment across the beam must be found. This requires calculating 

the area moment of inertia. For a simple structure shown in Figure 3.3, the area 

moment of inertia (I) about the neutral axis (NA), where the axis passes through the 

edge of the section, can be found using the following equation [65]: 

3

3Ly
I =           3.8  

where L and y are the length and the thickness of the beam, respectively. 
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L

y

NA  

Figure 3.3 Rectangular beam cross section. 

For built-up sections, the area moment of inertia (I) can be calculated by dividing 

the section into convenient rectangles that have the neutral axis as one of their edges. 

This rule can be applied to the flat equivalent section of the composite beam shown in 

Figure 3.4. The area moment of inertia for this beam can be calculated using the 

following equation:  
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Figure 3.4 (I) total is the sum of (I) of area 1, (I) of area 2 and double (I) of area 3. 

The deflection of the beam due to the thermal effect is calculated numerically 

using the following equation: 

2

2

dx

yd
IYM steel=          3.10 

The second order differential term in equation 3.10 can be replaced by its finite 

difference approximation as shown in equation 3.11, where M is the bending moment, 

h is the length of the beam divided by the number of segments and y is the vertical 

deflection at the selected point across the length of the beam x.  
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The deflection equations of the beam are obtained in terms of moments at various 

points along the beam and by solving these equations simultaneously, the deflection 

across the beam is obtained. In order to calculate the moments at different points of the 

beam, the load generated by the thermal stress must be known. The load presented due 

to the thermal stress is shown in Figure 3.5 (a). The load developed on the surface of 

the stainless steel layer and the piezoelectric layer equals the thermal stress times the 

area. According to equation 3.5 the generated forces in both layers have the same 

magnitude with opposite directions. The load will be compression in the PZT layer (w1) 

and tensile in the stainless steel layer (w2).   

The equilibrium of moments about each end produces reactions of RA and RB. To 

calculate RA, a bending moment at the other end will be calculated and then it will be 

divided by the length of the beam (LPZT). In order to do that the load must be 

redistributed using Macaulay’s method [65] as shown in Figure 3.5 (b). 

0.5·(Lsteel -nL )PZT

RA RB
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RA RB

w1

w2
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a) b)

nL PZT

Lsteel

 

Figure 3.5 a) Distributed loads caused by the thermal effect. b) Equivalent load system using 

Macaulay method for distributed load. 

As the structure has a symmetric shape, the maximum deflection (δ1) is expected 

to be in the middle of the beam. This presents the dome height of the beam. By 

applying a concentrated load in the middle point of the curved beam, the beam moves 

downwards by δ2. The total deflection of the beam is given by the following equation, 

where h is the height of the beam: 

( ) 221 δδδδδ −′=−−= htotal         3.12 

For simply supported curved beam, the maximum beam displacement due to 

concentrated static load (P) is given by the following equation [65]: 

YI
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3 3
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Therefore, the maximum applied load (in Newton) is the one that causes the beam 

to be flat and it is given by equation 3.14: 

3max 3

256

L

YI
P

δ ′
=          3.14 

3.2.4 Radius of curvature of piezoelectric pre-stressed beam 

The thermal effect produces a configuration depicted in Figure 3.6. In this figure 

R is the radius of curvature,δ  presents the beam deflection and L is the beam length. It 

is thus necessary to quantify the relation between the radius of curvature R, the 

calculated maximum beam deflection (1δ ) and the length of the beam (L). 

Given the radius of curvature (R) and the beam length (L), the angle (θ) is given 

by the following equation: 

R

L

2
=θ           3.15 

Furthermore, the radius (R) and height (r) are related by the following 

expressions: 

R

r=)cos(θ           3.16                                                 

Since rR += 1δ , it follows that 

1)
2

cos( δ−= R
R

L
R           3.17 

Given the value of L and 1δ , equation 3.17 provides the value of radius (R).  

 

Figure 3.6 Radius of curvature of a composite beam due to the thermal effect.  
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As the curvature is introduced to the composite beam due to the thermal stress, 

the location of the neutral axis calculated in Section 3.2.1 will change. It is expected to 

move further away from the centreline of the equivalent area of the stainless steel 

material as shown in Figure 3.7. The radius of neutral axis can be calculated using the 

following equation: 
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Where, r2 is the radius of curvature which can be obtained using equation 3.17. 

By knowing the total thickness of the beam, the value of r1 equals to ( )ba hhr +−2 . 

 

 

Figure 3.7 Neutral axis for cross section of a curved composite beam 

3.2.5 Stress developed in the composite structure due to an input force 

The stress obtained in any cross section of the composite beam is given by 

equation 3.19, where I is the area moment of inertia, M is the bending moment, L is the 

length of the layer and y is the distance from the neutral axis.  
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As can be seen, the developed stress along the neutral axis (NA) is zero and it 

increases proportionally by moving away from the NA. Therefore, the maximum stress 
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values are located on the surface of the upper and lower surfaces of the composite 

beam. The moment as a function of the beam length of a vectorB
r

calculated about a 

point A is given by the following equation, where ABr
r

 is a vector from point A to the 

position where quantityB
r

is applied: 

BrlM AB

rr ×=)(          3.20 

When a force is applied to a composite beam with radius of curvature, internal 

forces are generated within the structure. As the beam consists of 5 layers bonded 

together, the generated forces and stresses prevent the sliding between the layers when 

bending takes place. The prevention of sliding is achieved by generating shear stresses 

within the structure. Therefore applying a force on the surface of the pre-stressed beam 

not only generates direct stresses, but it also generates shear stresses. Theoretically, for 

the top and the bottom surface of the beam, the shear stress is zero as the surface is free 

to unload. However, the maximum shear stress is located at the surface where different 

materials are bonded together. The shear stress across the beam section is calculated 

using the following equation [65, 66]: 

  
IL

QAy=τ           3.21 

where Q is the shear force at the point where the shear stress is calculated, A is 

the area of the section, L is the length of the cross section area and I is the moment of 

inertia. The value of y can be calculated using equation 3.22, where h is the height of 

the section [65].  

 
2

h
NAy −=           3.22 

The value of the shear stress depends on the developed shear force in the 

materials. This depends on the location of the cross section, boundary conditions and 

the type of the applied force. Equation 3.21 can be used if the applied force is static. In 

the case of applying a dynamic force, the developed shear force and thus the shear 

stress is more complicated to calculate. Therefore, numerical calculation using ANSYS 

is used. 
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3.2.6 Natural frequency of curved composite beam 

The resonant frequency of the composite beam in terms of bending modulus is 

derived using the Bernoulli-Euler equation as presented in equation 3.23. Where, D is 

the bending modulus per unit width, m is the mass per unit area and v is a coefficient 

that is related to the boundary conditions. The value of v equals 10.9 in case of simply 

supported beam and 4.4 for the cantilever beam.       

m

D

L

v
f

steel
o 22π

=          3.23 

The mass per unit area (m) is given by the following equation: 

cAlbPZTasteel hhhm ρρρ ++=         3.24 

where, steelρ , PZTρ , Alρ  present the density of stainless steel, PZT and 

Aluminium layer, respectively. ha, hb, hc refer to the thickness of stainless steel, PZT 

and Aluminium layer, respectively (Figure 3.1). The bending modulus per unit width of 

a flat composite beam (D) is given by the following equation:  
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Where, Yi represent the Young’s modulus of the i layer of the composite beam, h 

is the thickness of the layer measured from the reference point and hNA is the height of 

the neutral axis measured from the reference line as shown in Figure 3.4.  

As shown in equation 3.23, the resonant frequency of the composite beam is 

inversely proportional to the square of the beam length. This means that the resonant 

frequency of the structure can be reduced by increasing the length of the beam. The 

resonant frequency of the beam depends on the mounting method. Mounting the beam 

as a cantilever lowers the resonant frequency by 2.8 times compared to a simply 

supported beam. The resonant frequency is proportional to the square root of the 

bending modulus. Therefore, any increase in its value results in a higher resonant 

frequency. Several factors can affect the value of the bending modulus and thus the 

resonant frequency. These parameters include the types of materials, thickness of the 

layers and the curvature of the fabricated beam. Increasing the thermal stress developed 

in the structure, by choosing materials that have higher differences in their thermal 

expansion coefficient, causes the composite beam to bend more. As illustrated in 
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Section 3.2.4, increasing the curvature of the composite beam causes the neutral axis to 

move away from the centreline of the piezoelectric material. This increases the value of 

the bending modulus and thus provides higher resonant frequency.    

3.2.7 Analysis and discussion on using Thunder™ TH-10R  

The pre-stressed composite beam that will be analysed is Thunder™, model TH 

10-R, which is provided by Face International Corporation. The dimensions of the 

device are presented in Table 3.1 as well as some of the physical and mechanical 

properties of the materials of the beam. A diagram of the device structure is presented 

in Figure 3.8. This model is chosen because of its size as it has the smallest dimensions 

in comparison with other models.  

 

Figure 3.8 Cross section of Thunder™ pre-stressed beam provided by Face International 

Corporation 

The aim of this section is to calculate the deflection of the Thunder™ beam due 

to thermal effects and thus the radius of curvature of the beam. Moreover, the 

maximum force that causes the beam to be flat is calculated and compared to the 

recommended value provided by the device data sheet. The resonant frequencies of the 

beam mounted as a cantilever and simply supported are calculated.   

The position of the neutral axis (NA) is calculated by taking the moment of area 

about the base of the structure using equation 3.3. The height of the NA from the base 

of the structure is 0.13 mm. This means the location of the neutral axis is in the 

stainless steel layer. Therefore, the resultant stress in the PZT layer is not zero. The 

distance from the centroid of the PZT layer to the natural axis is 0.17 mm. In order to 

calculate the location of the NA, the calculated values of modular ratio (n) and the 

equivalent length of the stainless steel layer are 0.34 and 3.4 mm, respectively. The 
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area moment of inertia for the equivalent structure using equation 3.9 equals to 

5.48×10-14 m4. 

Material Stainless steel  Aluminium  PZT(5A)  

Length L, mm 25 12.5 12.5 

Width w, mm 12.7 12.5 12.5 

Thickness h, mm 0.2 - 0.2 

Young’s modulus Y, N/m2 200×109 69×109 68×109 

Density ρ, kg/m3 7800 2700 7800 

Poisson’s ratio υ  0.31 0.33 0.31 

Tensile yield strength У, N/m2 520×106 90×106 20×106 

Shear strength, N/m2 186×106 30 - 

Thermal expansion coefficient α , oC-1 17.3×10-6 23×10-6 3×10-6 

Table 3.1 Physical and mechanical properties for aluminium, stainless steel and PZT (5A) [67-

70]. 

As the area of the piezoelectric layer is half the area of the stainless steel layer, 

the stress developed in the PZT layer is twice the stress generated in the stainless steel 

layer. Using equation 3.7, the stress developed in the stainless steel layer due to the 

mismatch in the thermal expansion coefficient between the layers of the composite 

beam is found to be 192.5 MPa. As the stress generated in the PZT layer is twice the 

stress generated in the stainless steel layer, the stress in the PZT layer equals 384.97 

MPa. As the area of the stainless steel layer is twice the one of the PZT layer, the 

generated forces in both layers have the same magnitude, but have opposite directions. 

The magnitude of the compression load generated in the piezoelectric layer (w1) and 

thus the magnitude of the tensile load in the stainless steel layer (w2) equals to 66.9 kN. 

The load at each end of the beam RA and RB (Figure 3.5) is found by calculating the 

bending moment at the other end and then dividing it by the length of the beam. The 

value of RA equals to -426.3 N. The negative value indicates that the direction of force 

is downwards (compression). 
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After analysing the effect of the thermal stress on the composite beam, the beam 

deflection can be calculated. This is achieved by dividing the beam into sections and 

calculating the generated moment due to the thermal stress at both ends of each section. 

Then by using equation 3.10 and equation 3.11, multiple equations can be generated 

and solved simultaneously to demonstrate the deflection of the composite beam. For a 

Thunder™ beam, the total length of the beam is divided into four sections. A new 

section is taken into account every time a change in the load due to the thermal effect is 

presented in the structure. Moreover, this number of sections covers the middle of the 

beam where the maximum deflection is expected. The maximum deflection (δ1) is 

found to be in the middle of the Thunder™ beam and the dome height is found to be 

0.6 mm. Therefore, the maximum applied load that causes the beam to be flat is 35.9 N. 

The calculated value of the maximum applied force agrees with the one provided by the 

device data sheet (36 N). Given the value of the beam’s length and its deflection1δ , the 

radius of the beam equals to 0.135 m (equation 3.17). As the thermal stress causes the 

beam to bend, the location of the neutral axis is recalculated using equation 3.18. It is 

found that the neutral axis moved by 6 µm further down away from the centreline of the 

piezoelectric layer. Therefore, the location of the neutral axis is approximately 0.124 

mm above the bottom layer of the stainless steel layer (reference point).    

 

Figure 3.9 Developed shear stress across the thickness of the Thunder™ beam. 

Figure 3.9 shows the cross section of the beam and the normalized shear stress 

distribution in the middle across the thickness of the beam under static applied force 

(10 N). As can be seen, the maximum calculated shear stress is located at the surface 

where different materials are bonded together. Equation 3.23 is used to calculate the 

resonant frequency for the composite pre-stressed beam shown in Figure 3.8 with 

dimensions and physical properties presented in Table 3.1. Taking into account the 
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effect of curvature on the resonant frequency, the bending modulus per unit width and 

the mass per unit area are 0.857 and 3.22, respectively and thus the calculated resonant 

frequency is 1432 Hz. For a cantilever configuration, the resonant frequency is 578 Hz. 

3.3 Analytical model of piezoelectric pre-stressed composite beam  

An analytical model is needed to predict the response of the pre-stressed 

piezoelectric composite beam under different input conditions. The piezoelectric 

material converts energy between mechanical and electrical domains. A common 

approach for describing coupled electromechanical systems is to use lumped parameter 

models. Thunder™ pre-stressed beam is a device that consists of a piezoelectric 

material coupled to a mechanical structure. The mechanical properties of the device can 

be modelled as a spring, mass, damper and a piezoelectric element as shown in Figure 

3.10 [71]. An applied force excites the system and energy can be extracted across a 

load connected to the electrodes of the piezoelectric element. 

 

Figure 3.10 Equivalent model of the piezoelectric structure 

The equation of motion for this system is given by the following equation: 

immmmm FKxxBxMF +++= &&&        3.26 

Where Fm is the external force, Fi is the force generated by the piezoelectric 

material, Mm is the mass of the structure, B is the damping, which represents the 

mechanical loss of the structure, and K is the stiffness of the mechanical structure.mx&& , 

mx& , mx are the acceleration, velocity and the displacement of the mass, respectively. An 

equivalent electrical circuit for the system can be found by taking a Laplace transform 

of equation 3.26 which gives:
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The force generated by the piezoelectric material can be calculated using the 

following equation [72]: 
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where, A, t, pC′ , h, YD are the cross section area, thickness, piezoelectric 

capacitance, piezoelectric constant and the Young’s modulus under constant electric 

displacement of the piezoelectric material, respectively. φ  is the transformer ratio, 

which represents the ratio of electrical output to the mechanical input. Therefore, 

equation 3.26 can be written as following: 
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Km is the total stiffness of the composite pre-stressed beam. The calculated value 

of the resonant frequency of the simply supported Thunder™ beam, model TH equals 

to 1432 Hz (Section 3.2.7). The resonant frequency relates to the beam stiffness as 

follows: 
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Such a harvester can be presented using the piezoelectric circuit model shown in 

Figure 3.11 (a). The capacitance of the piezoelectric beam is given by the following 

equation, whereoε is the vacuum permittivity (8.854 ×  10-12 F/m):  

t

A

s

d
C o

T

T
o

Ep

εε
εε 








−=

2
' 1         3.31 

where d is the strain coefficient, Es is the elastic compliance in a constant electric 

field and Tε is the dielectric constant under constant stress. An equivalent electrical 

circuit of the system with resistive load is presented in Figure 3.11 (b). Equation 3.29 

can be written as follows: 
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The electrical transduction constants are given as follows [73]:  

inin

m
em

mem

mem

FV

K
C

ML

BR

φ

φ

φ
φ

=

=

=

=

2

2

2

1          3.33 

Moreover the total current is given by the following equation: 
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Figure 3.11 The circuit model of the piezoelectric structure  

Using the equivalent electrical circuit, the output voltage can be expressed as 

following: 

total

o
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Z
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The input voltage can be calculated using the following equation: 

totalinin ZIV =           3.36 

The output voltage is measured using a purely resistive load. The parallel 

impedance of the piezoelectric and the load is given by the following equation: 
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Thus, by substituting equation 3.36 and equation 3.37 into equation 3.35, the 

output voltage on the piezoelectric element can be expressed in the frequency domain 

as a function of the mass velocity: 
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β  is the electrical damping generated by the piezoelectric material. Replacing the 

previous expression of the output voltage in equation 3.29, yields the following 

equation, where Bm is the total damping: 
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Therefore, the equation of motion can be simply written as following: 

mmmmmmm xKxBxMF ++= &&&         3.40 

On the other hand if the values of the equivalent circuit elements are known, the 

output voltage can be calculated using the following equation: 
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The output power is given as Lrmsout RV 2
, and the efficiency of the system, which 

is defined as the ratio of the average output power to the magnitude of the input power, 

is calculated using the following equation: 

2
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V
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=η          3.43        

Property Symbol Units PZT (5A) 

Piezoelectric constant h V/m2 21.5×108 

Mechanical quality 

factor 

Qm - 80 

Relative permittivity Tε  - 1900 

Charge constant d33 C/N 390×10-12 

Elastic constant Es33
 m/N2 18×10-12 

Table 3.2 Physical and mechanical properties for PZT (5A) [68]  

Parameter Symbol Units Value 

Capacitance '
pC  F 7×10-9 

Transformer ratio φ  V/N 0.055 

PZT layer stiffness  KPZT N/m 1.1×1010 

Mass Mm kg 10-3 

Damping B Ns/m 1.5 

Stiffness Km N/m 8.9×104 

Table 3.3 Calculated value of the mechanical properties of pre-stressed beam  

Table 3.2 shows some of the PZT (5A) physical and mechanical properties that 

are used to calculate the mechanical properties of the pre-stressed beam shown in Table 

3.3. Equation 3.30 is used to calculate the total stiffness of the pre-stressed composite 

beam. The total stiffness of the beam changes with the value of the radius of curvature, 

mounting method, displacement ability, the location of the applied force and its value. 

Therefore, the stiffness will be measured under different values of harmonic applied 

force and presented in Section 3.4.4. If the applied force is less that the force value that 

causes the beam to be flat (36 N), the total movement of the structure is due to the 

beam deflection (δ ′ ). For this case, increasing the mean value of the applied force 

causes the beam stiffness to be reduced. Increasing the mean force causes the curvature 
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(R-1) to reduce. Due to that, the location of the neutral axis moves towards the 

centreline of the PZT layer causing a reduction in the value of the bending modulus as 

discussed in Section 3.2.4 and Section 3.2.6. As a result, the resonant frequency of the 

structure reduces and thus the stiffness.    

If the mean applied force causes the beam to be flat, the total movement of the 

structure will be due to a deformation within the material. In this case, the beam is no 

longer simply supported as the bottom layer of the structure is in contact with the 

supported surface. According to equation 3.23 and equation 3.30, if the bottom layer of 

the stainless steel is clamped, the stiffness of the beam equals to 4.78 ×  109 N/m. In 

this case, higher applied value of the mean force causes an increase in the stiffness of 

the structure. The total damping of the structure is obtained experimentally in Section 

3.4.2 and presented in Table 3.3.    

3.4 Performance of piezoelectric pre-stressed beam 

In order to evaluate the model developed in Section 3.3, the resonant frequency 

of the composite beam is measured and compared to the value obtained using analytical 

calculation. The resonant frequency and the total damping of a simply supported 

structure under different boundary conditions are measured. Section 3.4.1 presents the 

method used to measure the structure’s resonant frequency, while Section 3.4.2 outlines 

the method used for measuring the structure damping.  

3.4.1 Resonant frequency and stiffness 

In order to measure the resonant frequency of the composite pre-stressed beam, 

the beam is mounted on a shaker. The vibration of the shaker is controlled using a PC 

via LabVIEW software. The shaker is operated in sinusoidal vibration over a range of 

different frequencies close to the calculated resonant frequency of the beam (100 Hz - 

10000 Hz). The value of the acceleration is maintained at constant level 50 mg (1g = 

9.8 m/s2). A spectrum analyser is used to plot the relationship between the measured 

output voltage of the beam and the frequency. The resonant frequency is the one that 

generates the maximum amplitude. The measured fundamental resonant frequency for 

the simply supported beam is approximately 1532 Hz. The calculated resonant 

frequency is around 6.5 % less than the measured one. The difference between theses 

two readings is due to the fact that the full beam length is used to calculate the resonant 
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frequency analytically. However, to measure the resonant frequency, one side of the 

beam is screwed to the shaker. This reduces the length of the beam by 1.5 mm. As the 

resonant frequency is inversely proportional to the length of the beam, the measured 

resonant frequency is higher than the calculated one. The stiffness of the curved 

composite beam can be found using equation 3.30. Using the measured resonant 

frequency, the stiffness of the beam is 9.26 ×  104 N/m. The increase in the stiffness is 

expected as the length of the beam is reduced.    

3.4.2 Damping 

The total quality factor Q of the structure is determined experimentally by 

dividing the measured resonant frequency by the full width at half maximum of the 

output power as follows:   
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=           3.44 

The value of the quality factor determines the performance of the structure. The 

higher the value of Q, the lower the rate of energy dissipation relative to the oscillation 

frequency will become. The damping ratio of the structure is calculated using the 

following equation: 

Q2

1=ξ           3.45  

As can be seen the structure resonant frequency is inversely proportional to the 

damping ratio. The mechanical damping coefficient of the structure (B) is calculated 

using the following equation: 

moMB ξω2=           3.46 
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Figure 3.12 a) Frequency as a function of the attached mass, b) Normalized mechanical 

damping as a function of the attached mass, c) Normalized stiffness as a function of the 

attached mass  

As stated in equation 3.39, the total damping of the pre-stressed beam is the sum 

of the mechanical and the electrical damping. The maximum output power is generated 

when the electrical damping match the mechanical damping. The electrical damping 

can be controlled by changing the value of the resistive load connected to the beam. 

According to equation 3.38 the maximum power is obtained when ( )p
L C

R
′

=
ω

1
. The 

effect of attaching a proof mass at the middle of a simply supported curved composite 

beam on the damping ratio is investigated. Adding a mass lowers the resonant 

frequency of the curved beam as shown in equation 3.30. The attached mass reduces 

the value of the radius of curvature and thus reduces the resonant frequency of the 

structure. Moreover, the added mass induces more stress on the structure, which 

increases the mechanical damping. Figure 3.12 (a), Figure 3.12 (b) and Figure 3.12 (c) 

show the experimental results of the effect of the attached mass at the middle of 

Thunder™, model TH 10-R on the structure frequency, normalized mechanical 
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damping, and the normalized stiffness. As the mechanical damping of the structure 

increases due to the attached mass, the electrical damping presented in the load 

resistance gets higher. The experimental value of the damping ratio of the simply 

supported structure is approximately 0.12. This value reduces as the value of the 

attached mass increases.          

As can be seen, the values of the structure stiffness, damping and resonant 

frequency depend on the materials parameters, dimensions of the structure and the 

method that the structure has been mounted. As the values of the piezoelectric material 

constants are measured using the impedance measurement which involves using a small 

excitation signal with high applied frequency (1 kHz). The values of these parameters 

depend on the electrical and mechanical boundary conditions. Moreover, the 

application by which the curved composite beam is used happens at low frequency and 

high amplitude. Therefore, it is more accurate to measure the stiffness and the damping. 

Figure 3.12 illustrated that the stiffness of the structure reduces and its damping 

increases as the compression force increases. If the applied compression force causes 

the curved beam to be flat, the beam will no longer be simply supported. In this case, 

the composite beam considered to be rigidly clamped at the bottom surface of the 

stainless steel layer. Section 3.4.3 presents the method by which the effect of the 

applied compressed force on both the damping and the stiffness is measured. For this 

experiment, a compression force value that is equal and higher than the one that causes 

the beam to be flat (36 N) is applied.  

This can be determined by measuring the system response to a known input 

signal. After that equation 3.33 can be used to relate the equivalent electric parameters 

back to the physical mechanical parameters. Using the circuit model shown in Figure 

3.11, the output voltage across the resistive load, under a sinusoidal input force, can be 

calculated using equation 3.41. In this equation, the unknown values of the four 

electrical elements (Rem, Lem, Cem, pC′ ) and the transformer ratio (φ ) can determined by 

applying non-linear least squares fit to the measured output voltage under known 

sinusoidal input force for various values of the load resistance.  

3.4.3 Test setup 

The experimental tests were obtained by subjecting the piezoelectric element 

(pre-stressed Thunder™ beam) to various cyclic mechanical loads using an 

ElectroPuls, E1000 fatigue test machine. This machine is controlled using software 
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provided with the test machine. The software is capable of applying various force or 

displacement waveforms to the piezoelectric element, which is fixed on the bottom 

head as shown in Figure 3.13. The applied forces are measured using a calibrated load 

cell. Moreover, both the force and the displacement waveforms are monitored using the 

software. In order to analyze the response of the piezoelectric pre-stressed beam, a 

fixed compression force equal to 35 N with a cyclical force is applied. A PC running a 

custom LabVIEW application is used to measure the output voltage. Under each input 

force waveform the average output voltage is measured across various load resistance 

ranging form 100 Ω to 5 kΩ. The mechanical characteristics of the pre-stressed beam 

are calculated using the piezoelectric model as explained in Section 3.3. Two different 

cyclic loads are applied; a 5 Hz sinusoidal waveform with amplitude changing from 10 

N to 25 N and a 15 N waveform with frequency changing from 5 Hz to 25 Hz. The 

output voltage generated by the piezoelectric element were measured under different 

cyclic input forces and compared to the one predicted by the model in order to verify 

and test the model.       

 

Figure 3.13 Layout of the experimental setup 
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3.4.4 Damping and stiffness of piezoelectric pre-stressed beam 

As an example, Figure 3.14 shows the output voltage across various load 

resistances for a sinusoidal input force with a mean force of 35 N and peak to peak 

amplitude of 15 N and frequency of (25 Hz). The curve presents the model fit while the 

squares present the measure voltage across the load resistance. The average output 

power as a function of the resistive load is presented in Figure 3.15. It is found that, the 

values of the electromechanical model parameters change as the input force amplitude 

and frequency change. As the applied force causes the beam to be flat, different 

boundary conditions are applied. The measured stiffness is approximately 5.2 ×  109 

N/m.   

 

Figure 3.14 The voltage across the resistive load with the model fit 

The effects of the amplitude and the frequency of the input force on the stiffness 

and the damping of the Thunder™ are presented in Figure 3.16 and Figure 3.17. A 

compression force of 35 N has been applied to the beam with an amplitude input force 

of 15 N. In this experiment the input frequency is increased from 5 to 25 Hz and the 

change of the beam damping (Figure 3.16 (a)) and stiffness (Figure 3.16 (b)) has been 

measured. 
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Figure 3.15 Experimental and model fit results of the output power as a function of the resistive 

load  

As the amplitude of the input force is constant, increasing the frequency of the 

input force reduces the beam damping by 85 % and increases its stiffness by 55 % 

when the frequency changes from 5 to 25 Hz.  

 

Figure 3.16 a) Normalized experimentally measured values of damping versus input frequency, 

b) normalized experimentally measured values of stiffness versus input frequency 
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In order to investigate the effect of the amplitude of the input force, a 

compression force of 45 N has been applied to the beam at a frequency of 5 Hz. The 

amplitude of the input force is increased from 10 to 25 N and the change of the beam 

damping (Figure 3.17 (a)) and stiffness (Figure 3.17 (b)) has been measured.  

As can be seen, as the frequency of the input force is held constant, increasing the 

amplitude of the input force reduces the beam damping by 73 % and increases its 

stiffness by 11 % when the input force amplitude changes from 10 to 25 Hz. As more 

force is applied to the beam, this causes the beam curvature to reduce and thus 

increases the stiffness of the beam. 

 

Figure 3.17 a) Normalized experimentally measured values of damping versus input force, b) 

normalized experimentally measured values of stiffness versus input force   

3.4.5 Output power generated by piezoelectric pre-stressed beam 

Figure 3.18 presents the average output power across various load resistance. 

Increasing the frequency causes the output power to increase. 
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Figure 3.18 Output power as a function of resistive load at different values of the input 

frequency  

Figure 3.19 shows the average output power across various load resistances. 

Increasing the amplitude of the input force causes the output power to increase. 

Comparing Figure 3.18 with Figure 3.19 illustrates that the output power depends not 

only on the amplitude and the frequency of the input force, but also on the main 

compression force. Changing the main compression force from 35 to 45 N, causes the 

output power to drop by more than an order of magnitude. In this situation, the beam 

was subjected to an input force with an amplitude of 15 N at frequency of 5 Hz. This 

can be explained as increasing the compression force leads the beam damping to 

increase by one order of magnitude causing the output power to drop. 

 

Figure 3.19 Output power as a function of resistive load at different values of input force 
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3.4.6 Efficiency 

Using equation 3.43, the efficiency is calculated for a range of frequencies and 

load resistors using the parameters measured experimentally (Figure 3.20). The input 

force is sinusoidal with 15 N amplitude and compression force of 35 N. As can be seen, 

as the input signal frequency increases, the maximum efficiency occurs at lower values 

of the load resistor. This is due to the fact that the source impedance (Zp) is inversely 

proportional to the input frequency. Moreover, the efficiencies tend toward higher 

values as the input frequency increases.  Figure 3.21 shows the efficiency as a function 

of the load resistor at different values of the input force amplitude ranging from 10 N to 

25 N with a constant compression force of 45 N. the input force frequency is hold 

constant at 5 Hz. As can be seen, the maximum efficiency can be obtained at a narrow 

range of load resistor at which the source and the load impedance match. As the input 

force amplitude increases from 10 to 20 N, the efficiency increases. However, any 

further increase in the amplitude of the input force causes the value of the efficiency to 

drop. This indicates that the increase in the force acts to increase the losses in the 

system rather than the output power. This will be explained in more detail in Section 

4.5.3.2.         

 

Figure 3.20 Efficiency as a function of resistive load at different values of the input frequency 
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Figure 3.21 Efficiency as a function of resistive load at different values of input force 

3.5 Conclusions 

There are a many challenges in fabricating or buying an available commercial 

piezoelectric element for energy harvesting. The physical dimensions, shape, type of 

materials and the clamping method affect the behaviour of the piezoelectric structure 

and thus the amount of the generated output power. The configuration and the clamping 

method of the piezoelectric element depend on the environment by which the 

mechanical energy is converted into electrical one. The effect of the thermal stress on 

the curvature of the composite beam was analysed theoretically. The maximum 

deflection was found to be located in the middle of the beam. The effect of the 

curvature on the resonant frequency of the beam was investigated. It was found that the 

resonant frequency of the beam increased as the curvature value got higher. Thunder™ 

beam model TH-10R was analysed theoretically and tested in order to investigate the 

effect of the applied force on its behaviour. Theoretical results showed that the 

maximum applied load that caused the Thunder™ beam to be flat was 35.9 N. The 

calculated resonant frequency of the Thunder™ beam was found to be 1432 Hz, when 

it was simply supported and 578 Hz, when it was mounted as a cantilever. A general 

model of a piezoelectric harvester that can be used to predict the output power was 

presented in this chapter. The experimental tests carried out on the Thunder™ beam 

showed that the values of its stiffness and damping varies with the applied force due to 

the effect of the curvature. For a given input force, the stiffness and the damping of the 
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Thunder™ beam can be measured experimentally and then used in the model to predict 

the output power.  
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Chapter 4                       

Simulation of the impact based 

piezoelectric harvester 

4.1 Introduction 

This chapter presents the principle of using an impact based piezoelectric 

harvester to convert kinetic energy into electrical energy using a Thunder™ beam. In 

this method, the output power is generated due to impact between the piezoelectric 

element and the mass. The principle is explained in detail in Section 4.2. The main 

purpose of the harvester is to harvest energy from rotation. The forces that affect the 

piezoelectric harvester undergoing a rotational motion are analyzed. The behaviour of 

the harvester mounted at a particular distance from the centre of rotation is analysed.   

The effect of mounting the piezoelectric harvester in different ways on a rotating 

wheel is discussed in Section 4.3. As the output power of the piezoelectric transducer 

depends on the amount of strain developed within the piezoelectric element, ANSYS 

software is used to simulate the effect of clamping of the Thunder™ beam on the 

developed strain in the piezoelectric structure for a given input force.  

The Thunder™ beam is clamped in three different ways; rigidly supported at both 

ends, simply supported and as a cantilever (Figure 2.26). For a given input force, the 

effects of clamping on both the output voltage and the developed stress in the structure 

are analysed using FEM. The effect of the harvester size and dimensions on the output 

power when the Thunder™ beam is simply supported is investigated.  

For this design, the output power is generated due to a direct impact between the 

piezoelectric beam and the mass. The harvester uses rotational forces as a source of 
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kinetic energy to produce electrical power. The effect of rotational forces on the 

behaviour of the harvester is addressed. In order to evaluate the device performance an 

analysis of the dynamics of the system is coupled to a model of the piezoelectric 

harvester. The effects of the impact force on the Thunder™ pre-stressed beam are 

examined analytically and numerically. The maximum applied stress that the structure 

can withstand and thus the maximum applied force that can be applied is determined.  

4.2 Structure of the harvester and operating principle 

A cross section of a proposed impact based piezoelectric harvester is shown in 

Figure 4.1. This device transforms the forces due to rotation into electrical energy. The 

harvester consists of a tube with a Thunder™ pre-stressed beam mounted at each end. 

The tube allows a small ball bearing to move freely, in response to forces acting on it 

and hence, impact on the transducers. The kinetic energy is converted into electrical 

power by the harvesters. The deflection of the piezoelectric transducer due to the 

impact of the ball bearing generates a current flowing into the resistive load which is 

connected to the transducer. Therefore, the motion of the ball bearing is damped and 

the power is dissipated into the load resistance.  

 

Figure 4.1 Cross section of the proposed piezoelectric harvester 

The impact is produced due to the relative motion between the frame and the 

mass. In order to reduce the frictional force between the mass and the frame and to 

increase the life of the mass, a ball bearing is used. A ball bearing exhibits a low 

friction coefficient, i.e. 10-2 [74]. As the maximum power is generated when the applied 

force is in the same direction as the free movement of the mass, a straight tube is 

chosen. Moreover, the tube must be mounted in a way that the applied rotational forces 

are in the same direction as the mass movement. In this case, the rotational motion of 
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the wheel is converted into linear motion. The total resultant force on each pre-stressed 

beam is the sum of the rotational force and the impact force from the ball bearing. The 

model which explains the movement of the mass and the behaviour of the piezoelectric 

element under impact is explained in Section 4.5. The key parameters of the model are 

the value of the mass, the properties of the piezoelectric material, the internal 

displacement of the mass and the equivalent mechanical damping due to the power 

dissipation in the load resistor. 

The type and the way that the piezoelectric beam is attached to the frame affects 

the amount of strain developed in the material, the mechanical stability and the 

structure sensitivity under the applied load as presented in Section 4.4.2.  

4.3 Method of mounting the piezoelectric harvester 

This section outlines different ways of mounting the piezoelectric harvester on a 

rotating wheel. The effect of rotational forces on the behaviour of the ball bearing and 

thus the output power is addressed. Tangential and centripetal forces act on the mass 

due to rotation. Another force that can affect the mass is the gravitational force. The 

effect of each force on the mass depends on the way that the harvester is mounted and 

its orientation. The considered orientation of the harvester is the one where the 

maximum applied rotational forces are in the same direction as the free movement of 

the mass. This maximizes the work done on the mass and hence generates more output 

power. In terms of the main acting rotational force on the mass, two methods of 

mounting the harvester on a rotating wheel are addressed. In the first method, the main 

acting force is the gravitational and tangential forces, whereas, in the second method 

the main acting force is the centripetal force. An analytical analysis about the dynamic 

behaviour of the harvester is explained when the main acting force is tangential and 

centripetal in Sections 4.3.1 and 4.3.2, respectively. The impact force from the ball 

bearing on the piezoelectric element depends on the mounting method.  

4.3.1 Effect of gravitational force 

In this method the harvester is mounted directly into a rotating wheel as shown in 

Figure 4.2. The acting forces on the mass are the tangential force and the components 

of both the centripetal force (Fce(x)) and the gravity force that are acting in the direction 

of the free movement of the ball bearing. Under uniform circular motion the tangential 
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force acting on the mass is zero and thus the other two components (gravity and 

centripetal forces) are the main acting forces on the mass of the harvester. In order to 

know the behaviour of the ball bearing under rotation, the applied forces on the ball 

bearing are analyzed. Figure 4.2 shows the forces that affect the ball bearing under 

constant rotating speed, where the rotating direction is clockwise. The frame is 

mounted in a way that the direction of the centripetal force (Fce) is perpendicular to the 

free movement of the ball bearing in the middle of the frame. For most applications, the 

rotor rotates under a constant rotating speed. Therefore, the analysis will be carried out 

under uniform circular motion.     

 

Figure 4.2 Applied force on the piezoelectric transducer under uniform circular motion 

The component of the centripetal force affecting the movement of the mass is 

given by the following equation: 
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where θ is the angle between the direction of the centripetal force acting on the mass 

and the vector perpendicular to the free movement of the ball bearing. This angle can 

be obtained by the following equation:  
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where L is the length of the frame and R is the distance between the frame and the 

centre of rotation. The component of the gravity force that affects the movement of the 

ball bearing can be given by the following equation: 

θ ′= sin8.9)(xgF           4.3 

where θ ′  is the angle between the direction of the gravity force and the vector 

perpendicular to the free movement of the ball bearing. Therefore, the total force acting 

on the ball bearing is the sum of the gravitational and the centripetal forces acting in the 

direction of the free movement of the ball bearing. When the gravity component is 

higher than the centripetal component, the ball bearing drops to one end of the frame. 

Therefore, the ball bearing collides with each side of the frame once during one cycle 

due to the effect of the gravity force. Increasing the rotating speed increases only the 

magnitude of Fce(x) as the magnitude of gF  is constant. The direction of Fce(x) always 

acts against the direction of gF  trying to keep the ball at one end of the frame. 

Therefore, increasing the value of Fce(x) reduces the amplitude of the total force acting 

on the ball bearing and thus the impact force produced by the bearing on the 

piezoelectric element. When the amplitude of the acting component of the centripetal 

force (Fce(x)) is equal to or more than the maximum value of the gravitational force, the 

ball bearing will be pushed to one side of the frame. 
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Thus the critical rotating speed by which the ball bearing sticks to one end of the 

frame is given by the following equation, where r equals to L/2: 
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From equation 4.5 )(criticalfω  does not depend on the distance between the frame 

and the centre of the rotating object (R). This is because increasing R reduces θ, for a 

given frame length, but increases the magnitude of the component of the centripetal 

force that is acting on the ball bearing. Increasing the length of the frame, on the other 

hand, results in reducing the value of rotational speed required to hold the ball at one 

end of the frame.  
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Figure 4.3 shows the case where the distance between the beginning of the frame 

and the point where the direction of the centripetal force is perpendicular to the free 

movement of the ball bearing equals to ∆L.  

 

Figure 4.3 The direction and magnitude of Fce(x) at different points inside the frame 

In this situation the maximum value of θ is given by equation 4.6, where L1 is the 

distance between the vector of centripetal force acting perpendicular to the free 

movement of the ball bearing and the end of the frame:  
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In this situation, increasing the value of ∆L reduces the value of the critical 

rotating speed by which the ball bearing will stick to one end of the frame. In order to 

verify equation 4.4, a simulation using Working Model software is carried out. This 

software enables limited physical motions to be simulated. The results from equation 

4.4 are compared to the simulation results. Figure 4.4 shows the simulation results 

when the mass displacement (L) is twice the mass diameter at a value of 2 cm.  

 

Figure 4.4 Simulation of the ball bearing movement under gravitational force (L = 2 cm). 
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The frame is mounted in a way that the direction of the centripetal force (Fce) is 

perpendicular to the free movement of the ball bearing in the middle of the frame. The 

critical rotating speed by which the ball bearing sticks to one end of the frame is 5 rps. 

Therefore, mounting the harvester in this position is suitable for an application where 

the rotating speed is low. This allows the mass to move from one side of the frame to 

the other and to generate output power due to the relative motion between the mass and 

the frame. Under the same conditions equation 4.4 predicts that the critical rotating 

speed is 5 rps when r is replaced by L/2.   

Figure 4.5 shows the simulation results when a ∆L with a value of 1 cm is 

introduced. The critical rotating speed is reduced to 3 rps. At this speed, the ball 

bearing sticks to one end of the frame. This creates no relative motion between the 

frame and the mass. Under the same conditions equation 4.4 predicts that the critical 

rotating speed is 3 rps when r is replaced by L1. Under variable rotating speed, the 

tangential forces contribute to the movement of the ball bearing beside the other two 

components. The direction of this force always acts opposite to the direction of the 

gravity components. Therefore, the critical rotating speed will be reduced by 
dt

dv
m , 

where v is the linear speed. This method of mounting the harvester on a rotating wheel 

will be referred to as GF, because the main acting force that causes the mass to move 

from one side to another is the Gravity Force.   

 

Figure 4.5 Simulation of the ball bearing movement under gravitational force (L = 2 cm and 

∆L=1 cm). 
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4.3.2 Effect of centripetal force 

Unlike the tangential force the centripetal force is always a result of rotational 

motion under uniform and non-uniform circular motion. Therefore, centripetal force 

can be used as the main acting force on the proposed harvester presented in Section 4.2. 

As previously mentioned, the maximum work is achieved when the direction of the 

applied force is in the same direction as the free movement of the mass. However, the 

direction of this force must be under constant change in order for the mass to move 

inside the tube. In order to achieve that, the tube must be kept in a horizontal position 

while rotating as shown in Figure 4.6. Unlike the GF method, this method requires a 

mechanical support to keep the harvester in a horizontal position while the wheel is 

rotating. This method of mounting the harvester on a rotating wheel is referred to it as 

CF because the main acting force that causes the mass to move from one side to 

another is the Centripetal Force. 

As the extracted power from the piezoelectric elements depends on the applied 

forces, these forces should be calculated first. In this section the direction and the 

amplitude of the main acting rotating force are analyzed under uniform circular motion 

assuming that the harvester is kept in a horizontal position and the rotation is 

clockwise. In case the ball bearing is removed from the system, the force that affects 

the piezoelectric beams is the component of the centripetal force which is acting in the 

direction of the free movement of the piezoelectric beam. Therefore, the force that is 

acting on the piezoelectric beam located on the right side of the tube is given by 

equation 4.7, while the piezoelectric beam located on the left side will be subjected to 

force that can be calculated using equation 4.8. The methods by which these equations 

have been obtained are explained in Appendix A. 
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where R1 is the distance between the centre of rotation and the point located in 

the middle of the frame. θ is the angle between the direction of the centripetal force 

acting on the object under study and the vector perpendicular to the free movement of 

that object, for example the piezoelectric beam. L is the length of the harvester, fω  is 

the rotating frequency and m is the effective mass of the piezoelectric beam. The 



 97 

magnitude of component of the centripetal force acting on both piezoelectric beams is 

proportional to the distance between the centre point of the frame and the centre of 

rotation. Moreover, this applied force is proportional to the square of the rotating speed.   

 

Figure 4.6 Applied force on the piezoelectric transducer under uniform circular motion 

Equation 4.7 and equation 4.8 show that the effect of centripetal force on the 

piezoelectric harvester that is mounted on a rotating wheel in a horizontal position 

during rotation is a pure sinusoidal signal. This analytical study is carried out without 

using a mass. By introducing the ball bearing into the system the applied force on the 

piezoelectric transducer located at both ends of the frame will increase. This force is the 

sum of the centripetal force and the impact force from the ball bearing. The total force 

acting on the piezoelectric beams due to the impact is analyzed numerically in Section 

4.5.3. However, a simple physical explanation of the movement of the ball bearing 

inside the tube can be analysed as following. The acting component of the centripetal 

force tries to move the ball bearing from one side of the tube to another and keeps it 

there until the direction of the centripetal forces changes. At this point the ball bearing 

will be released and forced to move to the other side of the tube. Therefore during one 

rotating cycle, the centripetal acceleration forces the mass to move from one side of the 

frame to another. Under non-uniform circular motion the acting component of the 

tangential force works in the same direction as the acting component of the centripetal 

force if the object is speeding up.  



 98 

4.3.3 Comparison between the effect of gravitational force and the effect of 

centripetal force 

Rotational motion is used to generate electrical energy using an impact based 

piezoelectric harvester. The way that the harvester is mounted on a rotating wheel 

affects both the behaviour of the mass and thus the output power. For the GF method, 

the main acting forces are the tangential force and the components of the centripetal 

force and the gravitational force acting in the same direction as the free movement of 

the mass. The tangential force is available only when the rotating speed is changing. In 

this method, the output power due to the gravitational force can only be generated due 

to impact at low rotating speed. This is due to the fact that when the rotating speed 

reaches a critical value the ball bearing stays at one end of the frame due to the effect of 

the centripetal force. Therefore, a different method of mounting the harvester on a 

rotating wheel is required when the centripetal acceleration is higher than the 

gravitational acceleration. Therefore, the centripetal force can be used as the main 

source of producing an impact force on the piezoelectric element. This method is called 

CF. In order to maximize the work done by this force the direction of the centripetal 

force must be in the same direction as the mass movement. However, if the direction of 

the centripetal force is held constant, the ball bearing will be pushed to one end of the 

frame and thus no relative movement between the mass and the frame can be achieved. 

Therefore, a mechanical mechanism is needed to keep the harvester in a horizontal 

position during the wheel rotation. In this case, the effect of the centripetal force on the 

harvester can be described as sinusoidal. Unlike CF method, the GF method can be 

fitted directly to the rotating wheel. The GF can be only used at low rotating speeds, 

while the other method can be used at any rotating speeds. The power level from a 

device which is mounted using CF method is predicted to be higher than the one which 

uses GF method. This is due to the fact that the output power depends on the applied 

force on the piezoelectric element. In the CF method the main acting force is the 

centripetal force while in the GF method the main acting force is the is the vector sum 

of the gravity force, the centripetal and the tangential forces. The last two forces try to 

reduce the effect of the gravity force. Therefore, the CF method will be used as the 

main way of generating power from rotation. The dynamic behaviour of the ball 

bearing when the generated mounted using the CF method is simulated. The simulation 

reveals that a multiple impact situation occurs between the mass and the piezoelectric 

pre-stressed beam. Then both of the mass and the beam behave as one body until the 
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centripetal acceleration changes its direction. At this point the mass will be ejected to 

the other end of the frame. In the next section, the estimated output power is calculated.   

4.4 Computational analysis using ANSYS 

Thunder™ pre-stressed beam is a complex structure. Therefore, the developed 

stress within the structure is analysed using finite element method (FEM). A model is 

created using ANSYS software as presented in Section 4.4.1. The effect of clamping 

the beam is analysed numerically under an impulse force. Simply supported, rigidly 

supported and a cantilever are the three configurations that are analysed. The aim of 

this analysis is to understand the effect of clamping on the stiffness of the structure as 

well as the amount of stress developed in the clamped area. The finite element method 

(FEM) is used to understand the developed stress in the structure after an impulse force 

is applied to the centre of the curved beam. In ordered to reveal the main developed 

stress in the structure, stresses in the axial, lateral directions and shear stress are 

analysed. The resonant frequency of Thunder pre-stressed beam is calculated 

numerically using FEM.      

4.4.1 Pre-stressed beam model 

The ANSYS software is used to simulate the behaviour of the pre-stressed beam 

under an impulse force. ANSYS uses the finite element method to simulate the physical 

behaviour of complex structures. This complexity can be due to the geometry of the 

device, its scale or governing equations. These structures can be analysed using finite 

element method (FEM), which is a numerical approach of deconstructing a complex 

system into very small pieces called elements. The software implements equations that 

govern the behaviour of these elements and tries to solve them. This creates a 

comprehensive explanation of the behaviour of the entire system. These results then 

can be presented in graphical form. 

Numerical analyses of the behaviour of the Thunder™ beam using ANSYS is 

achieved by following certain steps. Firstly, the geometry of the structure is built and 

the material properties are defined. The model of the curved beam consists of two 

layers glued together, a PZT (5A) layer and a stainless steel layer. A thin layer of 

electrode is applied on both sides of the piezoelectric layer. The top layer is made of 

PZT (5A) followed by a layer of stainless steel each of which is 0.2 mm thickness. The 
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top layer has a length of 1.27 cm and the bottom layer has a length of 2.54 cm. both 

layers have the same width of 1 cm. The beam deflection is 0.6 mm. The properties of 

the materials used are presented in Table 3.1. Secondly, the structure is divided into 

elements by generating a mesh. The size of the element is achieved by dividing the 

thickness, length and the width of the structure by 8, 100 and 20, respectively. The 

element size is chosen to ensure numerical convergence. 

After designing the curved beam, constraints such as boundary conditions and 

physical loads are applied to the structure. Finally, the solution domain is defined and 

the obtained results are presented. As a solution, a transient analysis is used to simulate 

the effect of the dynamic force (impact). An impulse load with a magnitude of 10 N 

and width of 3 ×  10-5 m is applied along the y direction to the central point located at 

the surface of the piezoelectric layer (Figure 4.7).  

 

Figure 4.7 3-D finite element mesh of simply supported Thunder™ pre-stressed beam subjected 

to an impulse force. 

This figure shows a 3-D image of a simply supported meshed curved beam. The 

magnitude of the force is chosen to be less than the required force that makes the beam 

flat (36 N) and the duration of the impulse is chosen to be lower than the inverse of the 

resonant frequency of the structure. This means the applied force is dynamic. 

Moreover, the duration of the impulse matches the one that is obtained experimentally 

in Chapter 5. 
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4.4.2 Analysis of clamped pre-stressed beam 

For a given input force, the effect of the curved beam clamping on the output 

voltage and the developed stress within the clamped area are analysed. The pre-stressed 

beam is supported in three different ways; rigidly supported on both ends, rigidly 

supported on one end (cantilever) and simply supported. The numerical results for each 

boundary condition are obtained and compared with each other to choose the most 

suitable way of mounting the beam under impact force in terms of mechanical stability 

and the output power.  

 

Figure 4.8 Simulated Thunder™ open circuit voltage over time under different boundary 

conditions. 

The simulated open circuit voltage over time for the Thunder™ beam using the 

three different clamping methods is shown in Figure 4.8. As can be seen the maximum 

amount of energy can be extracted when the Thunder™ beam is rigidly supported at 

one end (cantilever), while the least amount of power can be obtained when the beam is 

rigidly supported at both ends. This is due to the fact that, when the beam is rigidly 

supported at both ends, the generated voltage is due to developing stress and strain in 

the impacted area. In this case the stiffness of the beam prevents the pre-stressed beam 

from vibrating. However, when the pre-stressed beam is rigidly supported at one end 

only, the output energy is generated from global deformation. In this case, the pre-

stressed beam vibrates after the impact. The stiffness of a simply supported pre-stressed 

beam is somewhere in between the previous two cases and similarly the output energy. 

In this situation the generated output energy is due to local deformation and vibrations 
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that have been generated after the impact. Therefore, in order to extract the maximum 

output power, the Thunder™ beam must be rigidly mounted at one end. However, the 

way that the pre-stressed beam is mounted should not only provide the maximum 

output power, but also it should provide mechanical stability. As the beam deformation 

generates due to an impact force, knowing the generated stress in the clamped area is 

essential for mechanical stability. Under an input force, the developed tensile stress in 

the clamped area should be less than the tensile yield strength of stainless steel 

material. Moreover the developed shear stress due to the impact force should be lower 

than the value of the piezoelectric shear strength, because the piezoelectric material has 

the lowest value of shear strength in comparison with stainless steel and aluminium.   

Figure 4.9 shows the stress developed in the clamped areas when the beam is 

mounted in three different ways; rigidly supported at both ends, simply supported and 

rigidly supported at one end. The rigidly supported beam on one end generates 7 times 

more stress in the clamped area than the simply supported beam. The rigidly supported 

beam on both ends generates 5 times more stress in the clamped area than the simply 

supported beam. This means the cantilever configuration is the least favourite method 

of clamping the curved beam under an impact force. As the piezoelectric material is 

only located in the middle of the pre-stressed beam. All the stresses and thus the strains 

generated in the clamped area do not contribute to the output power.   

 

Figure 4.9 Simulated stress developed in the clamped area using different boundary conditions. 

There is a trade off between the amount of power generated and the mechanical 

stability of the pre-stressed beam. The simply supported pre-stressed beam proves to 

generate modest amount of output voltage and the lowest amount of stress in the 

clamped area in comparison with the cantilever configuration and the rigidly supported 
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beam on both ends. Therefore, both the numerical analysis and the experiments are 

carried out using simply supported Thunder™ pre-stressed beam. 

4.4.3 Modal analysis 

Under impact force global deformation is generated across the whole structure of 

the simply supported beam due to existence of the curvature and the method of 

clamping. Therefore, output energy is generated due to the local effect of the impact 

force and the travelling of the transverse waves. Therefore, stresses and strain in the x 

and y direction are generated a well as a sheer stress in the xy direction all of which 

contributed towards the output energy. The vector sum of the displacement is given in 

Figure 4.10. As can be seen the curvature and the method of clamping gives the 

structure the ability to deform in the x and y direction and the maximum displacement 

is located in the middle of the beam.    

 

Figure 4.10 Simulated results of the vector sum of the Thunder™ beam displacement in meter. 

Figure 4.11 shows the developed stress in the y direction across the length of the 

piezoelectric layer. The chosen nodes are the ones located at the centre line of the 

surface of the piezoelectric material. The developed stress are analysed across the 

thickness of the piezoelectric layer, where each nodal line is chosen at every 0.05 mm 

from the previous nodal line. Thus, the piezoelectric layer with a thickness of 0.2 mm 

has 5 nodal lines across its thickness. The stress is obtained when the applied force is at 

its maximum value.  
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Figure 4.11 Simulated stress developed in the y direction across the length of the PZT layer at 

different nodal lines.  

Figure 4.11 shows that the compressive stress reaches its maximum value around 

the area where the impulse is applied. This value of stress decreases rapidly outside this 

area. At both ends of the nodal line a stress in the y direction starts to form again due to 

the connection with the stainless steel layer. The letters A and E correspond to nodal 

lines located at the top and the bottom surfaces of the PZT layer, respectively. The 

letters B, C and D are corresponding to the nodal lines between the two surfaces of the 

material ranging from the top to the bottom layer. As can be seen, the peak of the stress 

in the contact area is at its maximum value at the top surface of the material and this 

value reduces across the thickness of the material. The bottom layer has the lowest peak 

value. 

Using the same nodal lines, Figure 4.12 shows the developed stress in the x 

direction across the length of the piezoelectric layer. The stress magnitude in the 

contact area is approximately twice higher than the compressive stress developed in the 

same area. Along the nodal line, the maximum tensile stresses are developed in the 

contact area and these values reduce gradually until it reaches zero at the end of the 

nodal line. As the situation in the developed compression stress, the tensile stress is 

higher at the surface of the piezoelectric layer (A). This value reduces along the 

thickness of the piezoelectric material. At the bottom surface of the piezoelectric 

material, point E, there is extra stress developed at the end of the nodal line due to the 

connection with the stainless steel layer. Most of the mechanical input energy is 

converted into deformation in the piezoelectric material along the x (radial) and the y 

directions. 
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Figure 4.12 Simulated stress developed in the x direction across the length of the PZT layer at 

different nodal lines. 

In the area where the force is applied both tensile and compressive stresses 

dominate. However, outside this area the tensile stress dominates, while the value of 

the compressive stress is negligible. The developed stress across the length of the 

stainless steel layer in the y and x directions are presented in Figure 4.13 and Figure 

4.14, respectively. 

 

Figure 4.13 Simulated stress developed in the y direction across the length of the stainless steel 

layer at different nodal lines. 

In order to determine the location of the neutral axis, nodal lines are chosen every 

0.025 mm from the top surface along the thickness of the stainless steel material. Thus, 

this layer with a thickness of 0.2 mm has 9 nodal lines. The letters A and I correspond 

to the nodal lines located at the top and the bottom surfaces of the stainless steel layer, 

respectively. The top surface of the stainless steel layer is the one connected to the 
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piezoelectric material. The letters B, C, D, E, F, G and H correspond to the nodal lines 

that are located between the two surfaces of the stainless steel material ranging from 

the top to the bottom layer.   

 

Figure 4.14 Simulated stress developed in the x direction across the length of the stainless steel 

layer at different nodal lines. 

As it can be seen in Figure 4.14, the first three nodal lines from the top surface of 

the stainless steel layer are under compression. However, the rest are under tensile 

stress. Therefore, the simulated results show that the neutral axis is located 

approximately at a distance of 0.125 mm from the bottom of the stainless steel layer. 

This agrees with the predicted analytical results presented in Section 3.2.7 where the 

location of the neutral axis is found to be at a distance of 0.12388 m from the bottom of 

the stainless steel layer.  

 

Figure 4.15 Developed shear stress across the thickness of the PZT layer at different nodal 

lines. 
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Figure 4.15 and Figure 4.16 present the developed shear stress across the 

thickness of the PZT and the stainless steel layers, respectively. These figures prove 

that the maximum shear stresses are developed at the edges of the PZT material, 

especially at the bottom surface of the PZT where it comes in contact with the stainless 

steel layer. If this stress exceeds the shear strength of the material, damage will appear 

at the edges of the PZT layer. There is no data available about the shear strength of the 

PZT material. Typically, the shear strength at yield for different materials equals half of 

the tensile strength at yield according to machinery’s handbook [75]. This gives the 

PZT (5A) material a maximum shear strength of 10 MPa.     

 

Figure 4.16 Developed shear stress across the thickness of the stainless steel layer at different 

nodal lines. 

Figure 4.17 shows the shear stresses distributions for sections (X-X) 0.635 cm 

and (Y-Y) 5mm away from the centre of the beam where the force is applied.   

 

Figure 4.17 Simulated developed shear stress across the thickness of the Thunder™ beam.  
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The value of the shear stress increases in the y direction moving away from the 

surface of the piezoelectric material until it reaches its maximum value when the PZT 

layer comes in contact with the stainless steel layer. Theoretically, as explained in 

Section 3.2.7 the value of the shear stress on the bottom surface of the stainless steel 

should be negligible. However, Figure 4.17 shows that the shear stress developed at the 

bottom layer of the stainless steel material has a negative value and is not zero as 

expected using equation 3.21. This is due to the way that the pre-stressed beam is 

mounted. As the curved beam is simply supported, both ends of the bottom layer of the 

stainless steel are in contact with the substrate and thus are not free. Therefore, shear 

stress is expected at the bottom layer of the stainless steel. By moving away from both 

ends the shear stress reduces until it reaches zero at the centre of the bottom layer of the 

stainless material.   

 

Figure 4.18 Developed bending stress across the thickness of the Thunder™ beam.   

Figure 4.18 shows the bending stress developed in the pre-stressed beam. As 

expected this value of stress equals zero at NA and it increases when moving away from 

the NA. The maximum stress values are located on the surface of the pre-stressed beam. 

As can be seen, at the location where the two different materials are bonded together 

there is a different value of the bending stress. This is due to the fact that each layer has 

its own value of Young’s modulus. 

The simulated fundamental resonant frequency is found to be 1430 Hz. There is 

an agreement between the simulated value and the measured one (1432 Hz).  
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4.5 Theoretical analysis of pre-stressed piezoelectric beam under 

impact 

4.5.1 Introduction 

In this section, analytical and numerical calculations are carried out to analyse the 

effect of ball bearing impact on the surface of Thunder™ beam configuration. This 

study is aimed at calculating the applied impact force, the contact period and 

understanding the dynamic behaviour of the material and structure under impact.  

The generated deformation in the piezoelectric material due to impact, and thus 

the value of the contact force, depends on the hardness of the colliding bodies, their 

structures as well as the relative velocity between them at the point of initial contact.  

For modelling purposes, the area of contact between the two bodies can be 

considered as a short stiff spring with a large spring constant which is compressed 

during the period of contact. The contact duration depends on the material of the 

colliding bodies, the mechanical structure as well as on the effective mass of the 

colliding bodies. In other words, the period of contact depends on the compliance of the 

contact region. For example, if the same ball bearing generates an impact on two 

different structures of the same material, the contact period, the generated deformation 

and the applied force will vary.  

During collision, the contact force induces a local deformation as well as a global 

one (vibration). The simply supported pre-stressed beam suffers from both local and 

global deformation. In addition to that, two types of wave propagation might be present 

in the pre-stressed beam; transverse wave propagation and axial wave propagation. 

Transverse wave propagation happens when at least one of the colliding bodies suffers 

bending due to the interface pressure in the contact zone. This bending reduces the 

interface pressure and prolongs the period contact. Bending is significant at points far 

from the contact zone, if the depth of the body is small in comparison with surface area. 

Axial wave propagation occurs when a boundary condition is applied at some distance 

from the impact point which reflects the radiating wave back to the source. The effect 

of the axial waves in case of a pre-stressed beam is negligible.  

The stress developed in the structure due to the impulse force was analysed in 

Section 4.4.2 using ANSYS software. A developed model is used to analyze the impact 

effect of a ball bearing on the Thunder™ structure in Section 4.5.2. The model used to 
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analyse the behaviour of the piezoelectric harvester under the effect of the centripetal 

force is analysed in Section 4.5.3. 

4.5.2 Analysis of pre-stressed piezoelectric beam under impact 

The analytical analysis for the impact between the ball bearing and the 

piezoelectric structure is carried out using Newton's laws of motion and conservation of 

energy. In order to understand the change in velocity as a function of time during the 

contact period, the deformation of the colliding bodies can be lumped in an 

infinitesimal deformable particle. Therefore, impact theory can be applied. For this 

model a few assumptions are taken into account:  

1. The impact is collinear. The collision is considered to be collinear if the 

initial relative velocity vector is parallel to the vector between the centre 

of mass of each body and its contact point. During contact there are equal 

but opposite compressive reaction forces which develop at the contact 

points. 

2. The ball bearing is smooth and spherical. Therefore, only the component 

of the interaction impulse and the component of the initial relative 

velocity that are normal to the contact surface will be taken into the 

account. Moreover, tangential forces due to friction are considered to be 

negligible.  

3. The two rigid bodies are separated by an infinitesimal deformable 

particle. This particle represents small local deformation of the contact 

region. The finite body forces such as gravity do not affect the velocity 

during the collision because these forces don’t work during small 

displacements that develop during an instantaneous collision. Therefore, 

during impact between rigid bodies, the only forces acting are the reaction 

forces at the contact zone.  

In hard materials, where the value of the elastic modulus is high, only very small 

deformations are required to generate very large contact pressures [76]. In the contact 

area the colliding bodies are subjected to a large amount of stress that might exceed the 

yield point of the Thunder™ beam. The yield point is defined as the stress by which a 

material begins to deform plastically. Below this point, the material deforms and it 

returns to its original shape when the applied stress is removed. If the mean applied 

stress is greater than the yield one, an irreversible indentation starts to form underneath 
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the surface of the softer material. The plastically deforming region enlarges as the 

contact pressure increases. However, it remains underneath the contact surface as long 

as the mean applied stress is less than 2.8 times the yield stress [76]. At this point, a 

fully plastic region represented as irreversible indentation is created at the surface of 

the structure. Therefore, calculating the yield point is essential when designing the 

harvester as it puts limits on the applied load. The transition pressure (Py), by which the 

deformation will be at yield, equals to 1.1 У, where (У) is the yield stress of the 

piezoelectric material [76]. This material is chosen due to the fact that piezoelectric 

material has a low yield value in comparison with yield value of the aluminium and 

stainless steel materials (Table 3.1). Therefore, the failure of the Thunder™ beam 

happens because of the breaking of the piezoelectric layer. If the mean applied pressure 

is 1.1 У < p  <2.8 У, then elastic-plastic indentation is formed underneath the contact 

surface. However, if the mean applied pressure (p ) is ≥ 2.8 У, then a full plastic 

irreversible indentation is formed on the contact surface. The material properties of the 

steel ball bearing and the Thunder™ beam are presented in Table 3.1. The value of the 

applied force (Fy) that causes a plastic indentation to start forming under the contact 

force can be calculating using equation 4.9 [76]. 
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where *Y , R* and m are the effective Young’s modulus at contact, the effective radius 

of contact curvature and the effective mass, respectively. These values can be 

calculated using the following equations [76]: 
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Where BR  and BR ′  are the radii of curvature for the Thunder™ beam and the ball 

bearing, respectively. The calculated values for the Thunder™ beam at yield are 22 

MPa, and 63 N for the pressure (P) and the applied force (F). For this calculation, the 

ball bearing has a mass (M ′ ) of 3.5 ×  10-3 kg, while the Thunder™ beam has a mass 

( M ) of 10-3 kg. This mass of the ball bearing is chosen because it is used later in the 
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experiments. Therefore, the theoretical and experimental results can be compared to 

each other. The other parameters that are required to calculate the force at yield are 

presented in Table 4.1.    

m  *Y  *R  '
BR  

BR  
Km

 

0.77 ×10-3 kg 2.6 ×108 4.8 ×10-3 m 5 ×10-3 m 0.135 m 2.4 ×107 Nm-3/2 

Table 4.1 Values of parameters at impact 

The initial applied force due to the ball bearing impact must be calculated and 

compared to the value at yield in order to protect the Thunder™ beam from plastic 

deformation. The impact time and the amount of force and pressure generated due to 

impact are calculated in the following paragraph. The initial relative velocity ( 0v ) 

equals the initial velocity of the piezoelectric beam minus the initial velocity of the ball 

bearing by which the impact takes place. The velocity of the ball bearing at impact is 

calculated numerically using the first equation of the set of equations 4.31. The 

boundary conditions by which the simulation has been obtained is explained in Section 

4.5.3.  

4.5.3 Modelling of the piezoelectric harvester under impact 

The optimized output power of the piezoelectric harvester has been studied in 

case of harmonic and steady-state analysis in the literature. However these studies do 

not explain the dynamic behaviour of the transient characteristics when the input 

energy is given by repeated impulses. The model that was developed by Renaud [77] 

calculates the output power at optimum load resistance from the piezoelectric element 

after impact. Experiments were performed on the impact based piezoelectric harvester 

to compare the experimental results with the numerical one developed in this section. 

The objective of this section is to develop a theoretical model that predicts the amount 

of power that the harvester can provide under the effect of the input forces. In order to 

do that, it is assumed that the Thunder™ beam has been given an initial velocity vo and 

becomes unforced after impact. This behaviour can be observed if the duration of the 

impact is less than the period of the Thunder™ beam and the mass does not have any 

interaction with the transducer after the impact. Firstly, the effect of the rotational 

forces on the velocity of the ball bearing at impact must be calculated. This can be 

achieved by solving the first equation of the set of equations 4.31. The equation 
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indicates that the acting force on the ball bearing mass (M ′ ) is the inertial force due to 

the frame acceleration. The value of the initial velocity at impact (vo) depends on the 

boundary conditions, radius at which the rotational force is applied and the rotational 

speed. The boundary conditions define both the position and the length of the tube. 

Figure 4.19 shows that the relationship between the initial impact velocity and the 

rotating speed is linear. For this simulation, the central point of the tube is positioned 

0.06 m from the centre of rotation and the available displacement of the ball bearing is 

0.02 m. Both the dimensions of the tube and its position are chosen to match the ones 

that are used in the experiments and thus the results can be compared with each other.   

 

Figure 4.19 Initial impact velocity as a function of the rotating speed 

The values of the velocity of the ball bearing at impact can be used to predict the 

amount of power that the Thunder™ can produce under impact. Therefore, in the next 

section an expression of the output voltage equation is developed.  

4.5.3.1 Output power under impact force 

The mechanical model of the piezoelectric element located at both ends of the 

tube can be presented with lumped elements as shown in Section 3.3. In this case the 

piezoelectric transducers have been replaced with mass, spring and damping 

mechanisms as shown in Figure 3.10. Applying Kirchhoff’s law to the circuit presented 

in Figure 3.11(a) leads to the governing differential equations that describe the 

behaviour of the piezoelectric element in the frequency domain (equation 4.13). In this 
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equation all the initial variables are zero apart from the initial velocity ( ov ), s is the 

Laplace variable and ψ  is the inverse of the transformer ratio (φ ). 
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By rearranging the previous set of equations, the Laplace transform of the voltage 

is given by the following equation: 
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The expression of the output voltage in the time domain can be obtained by 

analysing the denominator of equation 4.14, which will be referred to as D(s). The 

values of the piezoelectric beam’s stiffness, damping, capacitance and the value of its 

transformer ratio presented in Chapter 3 indicate that the denominator has one real root 

and two complex conjugated ones. The denominator, which is given by equation 4.15, 

is a cubic equation in which its root can be found using Cardano’s method [78].  
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Therefore, the roots of the previous equation are given as follows: 
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Where the parameters of the cubic equation and the values of r and q are given by 

equation 4.17 and equation 4.18, respectively: 
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Therefore, equation 4.14 and equation 4.15 can be rewritten as following: 
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Using partial fraction method, the previous equation can be written as follows: 
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Clearing the fraction leads to the following equation: 
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Substitution of s1 for s leads to determining the value of the constant A, which is 

given by the following equation:  
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Substitution of 0 for s leads to determining the value of the constant D, which is 

given by the following equation:  
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Substitution of 1 for s leads to determining the value of the constant C, which is 

given by the following equation:  
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After determining the value of the constant A, C and D, inverse Laplace 

transform tables can be used to convert equation 4.20 into time domain as given by 

equation 4.25.  
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Figure 4.20 Output voltage of the piezoelectric transducer after impact as a function of time. 

The average output power (P) dissipated into the load resistance is given by the 

following equation, where V(t) is the output voltage produced by the piezoelectric 

structure and T is the time interval between two impacts.  
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In order to approach the maximum value of the output power, an optimum value 

of the load resistance should be used. The expression for the optimum load resistance is 

given and discussed in Section 3.4.2. The piezoelectric element produces a transient 

voltage pulse when it is mechanically compressed as shown in Figure 4.20. This figure 

presents the simulated results of the output voltage, at the optimum resistance, over 

time at different values of the rotating speed ranging from 200 rpm to 600 rpm. The 

average output power as a function of the load resistance is calculated and compared to 

the experimental results as presented in Figure 5.13. The parameters required to obtain 
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the output voltage are presented in Table 3.3. However, the values of the Thunder™ 

stiffness and damping at different applied force are measured experimentally as 

explained in Section 3.4.4. 

4.5.3.2 Efficiency of the Thunder™ beam under impact 

When the ball bearing comes in contact with the piezoelectric beam, some of the 

initial kinetic energy (T0), which can be calculated using equation 4.27, is transformed 

into internal energy of deformation during the compression period [76].  

2
0

'2
00 5.05.0 VMMVT ′+=        4.27 

If the collision is elastic, this stored internal energy is the source of the normal 

force that drives the two bodies apart from each other. However, as the collision 

between the ball bearing and the piezoelectric beam is not elastic, a loss in the absorbed 

kinetic energy in the contact region during the compression and the restitution occurs. 

Figure 4.21 shows the energy dissipation in the system. The absorbed energy during 

compression phase equals T0 - Tc, where Tc is the kinetic energy of the system at the 

transition between the compression and the restitution phases and it is given by the 

following equation: 

2
00 5.0 mvTTc −=         4.28 

If 100 % efficiency of the piezoelectric transducer is assumed, the average output 

power per impulse can be defined as follows where T is the time interval between two 

impacts.  

T

TT
P c−

= 0          4.29 

However, in a real situation, depending on the piezoelectric element efficiency 

only a percentage of the stored mechanical energy is converted into electrical energy. 

The unrecovered energy equals to T0 - Tf, where Tf is the kinetic energy at restitution 

and it is given by the following equation: 

25.0 fcf mvTT +=         4.30 

 vf  is the relative velocity at separation. Only some of the initial kinetic energy of 

the impact is absorbed. Some of absorbed energy will be stored as strain energy. This 

energy is used to drive the contact points apart during the restitution phase. However, 
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some of the absorbed energy will be lost due to the conversion of some of the 

mechanical energy into electrical energy, plastic deformation, sound and heat.  

 

Figure 4.21 Energy dissipation in the system. 

The efficiency of the system equals the input mechanical energy T0 divided by 

the dissipated energy in the load resistance, which is calculated numerically using 

equation 4.26. The output voltage is obtained experimentally as will be presented in 

Section 5.5.4. The efficiency is plotted as a function of the load resistance as shown in 

Figure 4.22. This figure shows that the maximum efficiency is obtained when the load 

resistance is approximately 3 kΩ, 2 kΩ and 1 kΩ for 333 rpm, 600 rpm and 800 rpm, 

respectively. As the initial velocity of the ball bearing increases from 333 rpm to 800 

rpm, the maximum efficiency decreases from 30 % to 12 %, respectively. The drop in 

the efficiency value is due to the increase in the loss generated by the impact such as 

sound and plastic deformation. It is found that large part of the energy is dissipated as a 

kinetic energy of the ball bearing after impact. The kinetic energy for the ball bearing 

after impact, at different rotating speed, is found to be approximately 61 % of the initial 

energy. Therefore, the effect of the rotating speed on the percentage of the recovered 

energy is negligible. However, the loss in energy (that did not turn into electricity) is 

found to be 9 %, 21 % and 27 % of the initial kinetic energy at 333 rpm, 600 rpm and 

800 rpm, respectively. The percentage of the part of the absorbed energy that gets lost 

in the system increases with speed. This is due to the plastic deformation that starts to 

form within the piezoelectric element. The rotating speeds by which the plastic 

deformations start to from in the piezoelectric element are discussed in Section 4.5.5.  
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Figure 4.22 Percentage of the efficiency versus load resistance at 200, 333 and 600 rpm  

During collisions, the contact time can be separated into two phases; compression 

and restitution. During the compression time, the kinetic energy of the relative motion 

between the colliding bodies is transformed into internal energy of deformation by the 

contact force. This force reduces the initial relative velocity ( 0v ) and increases the 

internal deformation energy of the deformable particle. By the end of the compression 

phase, the relative velocity is zero. However, during the restitution phase, some of the 

elastic energy stored during the compression phase is used to drive the two bodies 

apart. This energy is called the storage strain energy and it is the source that drives the 

two bodies apart. The compressed force in the normal direction creates a contact 

pressure that generates local deformation and a surface displacement. The deformation 

and thus the value of the contact force depend on the boundary conditions, hardness of 

the two bodies as well as the relative velocity between them at the point of initial 

contact.  

Figure 4.23 shows the contact force resulting from an impact of a ball bearing on 

the Thunder™ beam as a function of time at different values of the rotating speed 

ranging from 200 rpm to 600 rpm. Increasing the initial velocity by which the ball 

bearing collides with the piezoelectric structure results in increasing the contact force in 

magnitude and reduces the contact period. By solving equation 4.13 numerically in the 

time domain using a Runge-Kutta method, the displacement of the Thunder™ beam is 
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obtained. The force between the two colliding bodies is given by the force in the spring. 

Therefore, the force, which is presented in Figure 4.23, is obtained by multiplying the 

Thunder™ beam displacement with the stiffness. As can be seen, the force reaches its 

maximum value at the end of a compression period as the displacement is at its 

maximum value at this point. During the restitution period the value of the 

displacement reduces and thus the amount of the generated force. The boundary 

conditions used for this simulation are presented in Section 4.5.3. 

 

Figure 4.23 Generated force in the Thunder™ beam over time at different rotating speeds  

4.5.4 Numerical modelling of the piezoelectric harvester under impact 

The developed model assumes that the mass leaves the Thunder™ beam after 

creating an impact force. This means the beam will oscillate at its natural frequency 

after impact. However, in reality the ball bearing leaves the piezoelectric element when 

the direction of the applied acceleration changes.  

The behaviour of the ball bearing when the impact based piezoelectric harvester 

is mounted using the CF method is analysed numerically in the next section. In order to 

understand the dynamic behaviour of the harvester when it is kept in a horizontal 

position, the equations of motion are solved numerically using a Runge-Kutta method.  
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The first equation of the set of equations 4.31 shows that the acting force on the 

ball bearing mass (M ′ ) is the inertial force due to the frame acceleration. The second 

equation shows that the inertial force acting on the piezoelectric beam with ( mM ) mass 

equals to the sum of the forces acting on the beam due to its acceleration, damping 

force due to electrical and mechanical damping (Bm) and elastic force due to the beam 

stiffness (Km). x is the ball bearing position and y is the piezoelectric beam position. 

The dot superscript indicates the time derivative of the corresponding variable. This set 

of differential equations is solved until 2/Lx +
−= , where L is the length of the tube. At 

this point the equation of motion is given by equation 4.32, where the values of its 

initial conditions are passed from equation 4.31.  
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m is the effective mass at impact. When the piezoelectric beam and the ball 

bearing are not in contact equation 4.31 will be used again. For this simulation a mass 

with 3.5 grams and 0.01 m diameter is used. The available displacement of the mass is 

0.02 m. The distance between the centre of rotation and the centre of the tube is 0.06 m. 

All the results in this section are obtained when the harvester is kept in a horizontal 

position while rotating (CF method). The simulated dynamic behaviour of the ball 

bearing inside the tube is show in Figure 4.24. As the ball bearing accelerates due to the 

centripetal force, an impact occurs when the ball bearing reaches one end of the tube. 

Due to the impact, the ball bearing will be pushed away from this end of the tube. 

However, the centripetal acceleration forces the ball bearing to impact the same end of 

the tube. This creates a multiple impact situation. The ball bearing stays at the same end 

of the frame until the centripetal acceleration changes its direction. The arrows indicate 

that multiple impacts occur between the ball bearing and each side of the tube.  
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Figure 4.24 Dynamic behaviour of the ball bearing inside the harvester frame. The arrows show 

the multiple impact effect.  

4.5.5 Optimization of the output power in geometries perspectives 

The total volume of the impact based piezoelectric harvester consists of three 

main parts. The first one is the sum of the volumes of the two Thunder™ beams. The 

second part is the base that the Thunder™ beam is attached to and the last part is the 

volume of the tube between the two Thunder™ beams which ensures a free movement 

of the ball bearing due to the effect of the input force (Figure 4.25). The height and the 

width of the Thunder™ beam provide the minimum limit of the height (H = 0.026 m) 

and the width (W = 0.02 m) of the total volume of the harvester. This is due to the fact 

that the volume of the Thunder™ beams is fixed. Therefore, the optimum output power 

as a function of the harvester’s volume can be only achieved by changing the length of 

the harvester (L) which depends on the mass of the ball bearing for a given maximum 

value of the rotating force. The only change in the total length of the harvester is 

achieved by changing the length of the tube located between the two Thunder™ beams 

as the value of the length (Lb) is constant. The value of Lb is 0.0016 m, which consists 

of the length of the base (0.001 m) and the height of the Thunder (0.0006 m). 19 % 
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from the bottom of the total height of the harvester (H) will be used to screw the 

harvester into the rotating wheel. The same percentage will be taken from the top of the 

harvester’s height, so the ball bearing hits the middle of the Thunder™ beam. 

Therefore, a ball bearing located in the space between the top and the bottom layers has 

61.5 % of the total height of the harvester. This means the maximum diameter of the 

ball bearing equals to 0.015 m. This generates a 0.0001 m difference between the 

diameter of the ball bearing and the diameter of the space that the ball bearing moves 

inside. This difference is made to reduce the amount of friction while the ball bearing 

moves inside the tube. 

 

Figure 4.25 Total volume of the impact based piezoelectric harvester 

The harvester is designed for a given value of the distance between the centre of 

rotation and the centre of the tube (R) as well as the maximum value of the rotational 

speed (f). For a given rotating speed and R, the generated force by the ball bearing 

depends on the value of its mass and the length of the frame. The maximum developed 

stress by the ball bearing in the Thunder™ beam must be equal to its yield value. This 

defines the amount of the initial energy that the Thunder™ can withstand before any 

plastic deformation occurs. The initial energy at impact (T0) is directly proportional to 

the mass of the ball bearing (M ′ ) and to the squared value of the initial velocity of the 

ball bearing at impact (vo), assuming that the velocity of the Thunder™ at impact is 

negligible compared to the ball bearing speed. Therefore, in order to achieve the 

maximum value of the input energy, the smaller the mass, the longer the tube will be. 

The criteria by which the harvester is designed for are: withstanding the maximum 

amount of input energy without breaking, occupying the minimum volume, having low 

value of mass and generating the maximum output power.     

In order to achieve that, the values of the impacted force should be lower or equal 

the value at yield as calculated in Section 4.5.2. For the maximum value of R and f, the 
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procedure of optimizing the output power starts with using a mass with maximum 

available diameter (0.015 m). The value of its mass is calculated using the volume 

equation of a sphere and the density of the stainless steel. This value is used in equation 

4.12 to calculate the effective mass at impact. Then equation 4.31 is solved numerically 

using a Runge-Kutta method in order to obtain the value of the impact force at different 

values of the frame length. The optimum length of the tube (L) is the one by which the 

value of the impact force is at yield when the rotational speed is at its maximum value. 

The impact force equals the stiffness of the Thunder™ beams times its displacement 

which is calculated numerically. The maximum output power is then calculated 

numerically as a function of rotating speed. The same procedure is repeated again for 

smaller ball bearing and thus lower value of the effective mass at impact. Finally, the 

relationship between the value of the output power and the dimensions of the ball 

bearing at the maximum value of the rotating speed (f), is obtained. From this 

relationship the optimum volume is the one that generates the maximum output power 

for a given rotation speed. Using the method explained in this section, the impact based 

piezoelectric harvester which its centre located at a distance of 0.06 m from the centre 

of rotation is optimized at maximum rotating speed of 15.55 Hz. This number is chosen 

because the maximum rotating speed for the wheel used in the experiment is 15.55 Hz. 

Figure 4.26 shows the relationship between the output power and the rotating speed at 

different values of the mass diameter.  

 

Figure 4.26 Output power versus the rotating speed using different size of the ball bearing.  
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The maximum output power is achieved when the mass diameter equals 0.015 m. 

For this mass value, the maximum available displacement for the ball bearing is found 

to be 0.00075 m. Therefore, the volume of the impact based piezoelectric harvester 

when R and f equal to 0.06 m and 15.55 Hz, respectively is 2.6 cm ×  1.89 cm ×  2 cm.  

The relationship between the total volume of the generator and the mass diameter 

is shown in Figure 4.27. 

 

Figure 4.27 Total volume of the impact based piezoelectric harvester as a function of the ball 

bearing diameter 

For a given value of the rotating speed, reducing the diameter of the mass from its 

maximum value (0.015 m) will result in reducing the total length of the tube and thus 

the total volume of the harvester. When the mass diameter is 0.006 m the harvester’s 

volume is at its minimum value. After that any reduction in the mass diameter causes 

the harvester’s volume to increase rapidly. Therefore, using a harvester with a mass 

diameter of 0.006 m instead of 0.015 m causes a reduction in the total volume of 43 % 

as well as a reduction in the output power by 17.8 %. The power density is at its 

maximum value when the diameter of the ball bearing is 0.006 m. The numerical 

calculations show that the output power is proportional to the cubic value of the 

rotating speed as shown in Figure 5.14.   
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4.6 Conclusion 

This chapter detailed a method of extracting electrical power from rotational 

forces using an impact based piezoelectric harvester. Theoretically, it was proven that 

gravity force as well as both tangential and centripetal forces can provide electrical 

power by using an impact based piezoelectric harvester. The tangential forces are 

available only if the rotating speed is changing. Although the gravity and the centripetal 

forces can be considered as a permanent source of kinetic energy, their effect is limited 

by the way that the nonlinear harvester is fixed while the rotational motion is applied.      

The harvester consisted of a tube, where a Thunder™ piezoelectric beam was 

placed at each end of the tube. A ball bearing was introduced to the tube. Due to the 

rotating forces the ball bearing moved from one side of the tube to the other creating an 

impact force on the piezoelectric beams. It was demonstrated that the amount of 

developed strain within the piezoelectric material depended on the way that the impact 

based piezoelectric harvester was mounted during rotation. For a given rotation speed, 

the power level from the piezoelectric harvester which had been mounted using the CF 

method was much higher than the one which used the GF method. This was due to the 

fact that the output power depends on the applied force on the piezoelectric transducer. 

In the CF method the main acting force that caused the mass to move from one side of 

the frame to the other was the centripetal force, where the effect of the gravity force 

and tangential force was negligible under constant rotating speed. However, under non-

uniform circular motion the direction of the component of the tangential force was 

always in the same direction as the acting component of the centripetal force. In the GF 

method the main acting force that caused the mass to move from one side to the other 

was the gravitational force. Under non-uniform circular motion, the component of both 

the centripetal force and the tangential force (when the object is speeding up) acting on 

the ball bearing tried to keep the mass on one side of the tube. Therefore, in the GF 

method when the rotating speed reached a critical speed the ball bearing stuck at one 

end of the frame.  

FEM was used to analyse the effect of clamping on the generated stress in the 

clamped area of the curved beam. The result showed that, under a given applied force, 

a simply supported curved beam generated the least amount of stress in the clamped 

area in comparison with rigidly supported on both ends and cantilever configurations. 

Therefore, the generated stress across the Thunder™ beam was analysed for an impulse 

force only when the beam was simply supported. The results from FEM showed that 
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stress in the axial, lateral directions as well as shear stress were generated in the 

structure due to the impulse force applied to the middle of the curved beam. 

Analytical and numerical calculations were used to analyse the behaviour of the 

Thunder™ beam after impact and to calculate the maximum amount of stress that the 

device can withstand. Analytical calculations were obtained to analyse the impact force 

and the duration of impact and to calculate the value of the coefficient of restitution. 

The numerical calculations were used to understand the behaviour of the impact based 

piezoelectric harvester when it was mounted using the CF method. The model showed 

that a multiple impact was produced on each piezoelectric element. The model 

provided a method to predict the amount of power that can be generated due to the 

effect of the rotational forces. Moreover, the model showed the relationship between 

the output power and the dimensions of the harvester. The maximum output power was 

found to increase by increasing the length of the frame, the mass of the ball bearing, the 

rotating speed and the separation distance between the centre of the tube and the centre 

of rotation.  
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Chapter 5                                    

An experimental investigation of 

the impact based piezoelectric 

harvester 

5.1 Introduction 

This chapter outlines the experimental techniques employed in this research and a 

description of how the test wheel and piezoelectric harvester are designed. A series of 

experiments are conducted to investigate the effect of rotating forces on the behaviour 

of the impact based piezoelectric harvester and to understand the effect of the impact 

force on the piezoelectric material for energy harvesting purposes. The experimental 

results are used to verify the model developed in Chapter 4. The piezoelectric harvester 

is tested under the effect of the gravity force when it is mounted using the GF method 

and it is tested under the effect of the centripetal force when it is mounted using the CF 

method. For the CF method, an extra mechanical structure is designed to keep the 

harvester in a horizontal position during rotation. This design is presented in Section 

5.2.2. The strategy by which the experiments are carried out to investigate the effect of 

the rotational forces on the behaviour of the impact based piezoelectric harvester is 

presented in Section 5.3. Experimental tests are carried out to measure the effect of the 

harvester’s parameters on the output power. These experimental results are compared 

to the ones obtained analytically.  
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5.2 Description of equipments 

In order to analyse the performance of the piezoelectric harvester and verify the 

model developed in Chapter 4, a test wheel was designed for this purpose. The 

harvester was tested by mounting it on a wheel that was driven by a Motomate DC 

motor. The speed of the motor was controlled using Crouzet Logic Software. The 

piezoelectric harvester was attached to the wheel using a host. Details about the design 

of both the host and the wheel are described in Section 5.2.2, while the reason behind 

using Motomate DC motor is explained in Section 5.2.1.    

5.2.1 DC motor 

For this experiment a Motomate 80 watts-brushless motor with an integrated 

logic controller is used. This integrated motor, which had been manufactured by 

Crouzet Company, consisted of [79]: 

• DC motor with available torque of 0.2 Nm, maximum speed of 

3250 rpm and input voltage of 24 V. 

• Programmable Logic Controller (PLC). 

• Encoder with 2 channels which provided information regarding 

motor position and direction of rotation. 

• Variable speed drive.  

The Motomate integrated motor is simple to install, low-cost, and has the ability 

to control the movement, speed, acceleration, braking and the direction of rotation. 

Moreover, the integrated PLC allowed the user to use a simple programming language, 

Graphic Blocks, to program the motor and adjust it easily. 

The principle of programming the Motomate can be broken down into 3 steps.  

• Design a program on a PC using Crouzet Logic Software 

• Compile the program 

• Write to the Motomate 

The purpose of the software is to increase the motor speed from a certain value to 

a maximum value over a certain time. The effect of the rotating speed on the impact 

based piezoelectric harvester is recorded by analysing the generated output power. The 

full graphic blocks diagram of the software has been given in Appendix B. The output 

of the software controls the status of the motor (On/Off), direction of rotation and its 

speed. The program is tested and simulated before programming the motor using 
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Crouzet Logic Software. Then it is compiled and written to the motor. The status of the 

motor (On/Off) can easily be controlled and its behaviour can be monitored by the 

Crouzet Logic Software.    

5.2.2 Designing the rotating wheel 

A rolling wheel offers a huge amount of kinetic energy especially at high speeds 

as presented in Section 8.3. A rotating disk was designed and then built in the Zepler 

workshop in ECS department in Southampton University. The aim of rotating disk was 

to mimic the rotating behaviour of a vehicle wheel for experimental purposes. The 

design simply consisted of Motomate motor (0.2 Nm 3250 rpm), a rotating disk, two 

metric pitch timing belt pulleys (30 T), where T represent teeth, (32 T) synchronous 

timing belt pulleys, (48 T) synchronous timing belt pulleys, two synchronous toothed 

belts (628, T2.5/230) and (707, T5/480) and a slip ring. The motor provided the 

required rotational movement to the disk. The piezoelectric transducer was fitted at the 

edge of the disk and the same mass was added opposite to the transducer in order to 

balance the disk while rotating.  

The motor should provide enough torque to the spinning disk. Torque is the time-

derivative of angular momentum and it can be given by the following equation: 

dt

dL=τ           5.1 

The angular momentum L can be written in term of its mass moment of inertia 

(Im) and its angular velocity (ω) as following: 

ωmIL =           5.2 

If (Im) is constant then (τ) can be given by the following equation: 

αωτ mm I
dt

d
I ==         5.3 

Where α is the angular acceleration. 

The mass moment of inertia (Im) for a solid disk of radius (R), height (h) and 

mass (M) with added mass (2m) of a piezoelectric transducer and its balance weight can 

be given in the following equation: 

22 2
2

1
mRMRI m +=          5.4 
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Angular acceleration is the rate of change of angular velocity over time. 

Therefore, the angular acceleration for a mass (m) located at a distance (R) of a rotating 

disk which was changing its linear velocity from υ1 to υ2 during certain period of time 

(t) can be given by the following equation: 

Rt

vv 12 −=α          5.5 

Substituting equation 5.5 and equation 5.4 into equation 5.3 and rearranging 

terms yields to the following equation: 

( )
t

RvvmM
I m

)(25.0 12 −+== ατ       5.6 

Aluminium with a density (ρ) of 2700 kg/m3 was used to build a rotating disk 

with a mass (M). Equation 5.6 can be rewritten as follows: 

( )
t

RvvmhR )(25.0 12
2 −+

=
πρτ       5.7 

Equation 5.7 allowed the disk height to be determined and gave the maximum 

torque that the motor can provide (0.2 Nm). Due to the design requirement the 

minimum thickness (h) of the disk should be 15 mm. The mass of piezoelectric 

transducer and its host can be up to 20 grams and thus the balanced weight is 20 grams. 

The maximum change in the linear velocity of the transducer under rotation is 13 m/s in 

3 s. Therefore, the disk radius (R) was limited to 80 mm, if it was fitted directly to the 

motor. The length of the base, which carried the harvester, was 50 mm. This base was 

fitted on a pulley located 20 mm away from the disk edge. This required more torque 

from the motor. The torque from the motor was increased by fitting a synchronous 

timing belt pulley (32 T), where T represents the number of teeth, to the motor shaft. 

The rotation was then transferred using synchronous toothed belts to a bigger pulley 

with 48 teeth. The ratio between the two pulleys (1.5) increased the motor torque up to 

0.3 Nm, but it reduced the maximum speed to 2166 rpm. Increasing the motor torque 

allowed an increase in the disk radius up to 100 mm. The pulley (48 T) was fitted into a 

shaft through a ball bearing. One end of the shaft was fixed rigidly while the rotating 

disk was fitted on the other end of the shaft.  A metric pitch timing belt pulley (30 T) 

was fitted on the free end of the shaft, which went through the middle of the disk. 

Finally, a slip ring was added to the free end of the shaft. All mechanical components 

along the shaft were concentrically aligned. Another timing belt pulley (30 T) was 
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added to the disk 20 mm away from its edge. This pulley was used to hold the 

piezoelectric transducer through an L shaped aluminium base. A synchronous toothed 

belt was used to connect the two timing belt pulleys together. As the pulley in the 

middle of the disk was fixed (not rotating), the belt would force the other pulley, 20 

mm away from the disk edge, to stay in a horizontal position while it was rotating. 

Therefore, everything mounted on this pulley will stay in the same position during the 

rotation. Removing the belt connecting these two pulleys means that the harvester will 

not be kept in a horizontal position and it will rotate with the wheel. A cross section of 

the mechanical design that was used to keep the piezoelectric transducer in a horizontal 

position is shown in Figure 5.1.  

 

Figure 5.1 Cross section of the designed rotating wheel that allows the harvester to stay in a 

horizontal position while rotating. 

Finally, the wires from the transducer electrodes were connected to the slip ring 

for measurement reading. Figure 5.2 shows the experimental set-up to extract energy 

from rotation.   
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Figure 5.2 The testing wheel that has been used in the lab.   

A photograph of the constituent parts of the impact based piezoelectric harvester 

including the tube, ball bearing and the Thunder™ piezoelectric pre-stressed beam is 

shown in Figure 5.3.  

 

Figure 5.3  A photograph of the constituent parts of the piezoelectric harvester. 

5.3 Experimental strategy 

To determine the behaviour of the impact based piezoelectric harvester under 

rotation and to measure its average output power, both a rotating disk and a 

piezoelectric transducer host were designed as detailed in Section 5.2.2. The 
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experiment was carried out using a Thunder™ pre-stressed beam mentioned in Section 

3.2.7 due to its mechanical stability. After the impact based piezoelectric harvester was 

assembled, the whole structure is attached to the host (Figure 5.2). The distance 

between the centre of the tube and the centre of rotation was 0.06 mm. Two series of 

experiments at different constant speeds ranging from 100 rpm to 800 rpm are 

performed to verify the theoretical prediction of the average output power and its 

dependency on the rotating speed.  

For both experiments, the length of the frame was kept constant at a value of 

0.015 m. A ball bearing with a diameter of 0.01 m and a mass of 0.0035 kg was used. 

The tube had a diameter of 0.011 m. The 1 mm difference in diameter between the ball 

bearing and tube was made to reduce the friction between them.   

In the first experiment the belt that connects the central pulley to the one located 

at the edge of the rotating wheel was removed. Therefore, the position of the 

piezoelectric harvester will change and the GF method will be applied on the harvester. 

In this situation, the main acting force that causes the ball bearing to move from one 

side of the tube to the other is the gravity force. The behaviour of the transducer in 

terms of the generated output power due to the impact force was recorded. The effect of 

the rotational and gravity forces on the generated output power when the ball bearing is 

removed from the tube was recorded.  

In the second experiment, the harvester was kept in a horizontal position during 

rotation. This was achieved by connecting the central pulley to the one located at the 

edge of the wheel using a belt (see Section 5.2.2). The reason behind mounting the 

transducer in this position was explained in Section 4.3.3.  In this case, the main acting 

force that causes the ball bearing to move from one side of the tube to the other is the 

centripetal force. The effect of this force on the generated output power was recorded in 

the absence and the presence of the ball bearing.  

After the relationship between the rotating speed and the output power was 

tested, the dependency of the output power on both the frame length and the ball 

bearing mass was examined. Firstly, the relationship between the frame length and the 

maximum average output power for a given mass is investigated. A 0.0035 kg ball 

bearing mass was used to generate an impact force on the piezoelectric elements under 

different rotating speed. Four different frame lengths with available mass displacements 

of 0.002, 0.005, 0.01 and 0.02 m were used. Secondly, the effect of the ball bearing 

mass on the maximum average output power was investigated under different rotating 
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speeds. Therefore, the 0.0035 kg ball bearing was replaced with a 0.0083 kg ball 

bearing. Frame lengths with available mass displacements of 0.002, 0.005, 0.01 and 

0.015 m were used. The measurements of the open circuit voltage and the average 

output power were achieved using a mixed signal oscilloscope, a programmable 

resistance substituter and a resistance box as detailed in Section 5.4.2 and Section 5.4.3.  

5.4 Measurement techniques 

The method that was used to measure the capacitance of Thunder™ beam is 

presented in Section 5.4.1. Sections 5.4.2 and Section 5.4.3 present the methods that 

were used to measure the open circuit voltage and the average output power of the 

piezoelectric element under different conditions of the applied forces. 

5.4.1 Capacitance of the piezoelectric curved beam  

A Wayne Kerr Automatic LCR meter 4237 was used to measure the capacitance 

between the electrodes of the piezoelectric curved beam (Thunder™). The measured 

value was compared to the one is obtained analytically using equation 3.31. The 

analytical value of the capacitance is 7 nF, while the measured value of the Thunder™ 

beam is found to be 6 nF.   

5.4.2 Open circuit voltage 

The open circuit voltage is measured by connecting the electrodes of the 

piezoelectric beam to a mixed signal oscilloscope (300 MHz) from Agilent 

Technologies. The open circuit voltages were recorded when different types and 

amplitudes of the forces were applied on the piezoelectric element.  

5.4.3 Output voltage and average output power 

The Root Mean Square voltage (Vrms) was measured by connecting the electrodes 

of the piezoelectric element into a programmable resistance substituter from IET 

LABS, INC. National Instrument LabVIEW8 hardware and software tools were used to 

change the output resistance load (R) of the piezoelectric element from 1 Ω to 9 MΩ. 

At different values of the output resistance, LabVIEW software calculates the RMS 
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voltage of the output signal. The software uses equation 5.8 to calculate the value of 

Vrms, where n is the number of values of the output voltage at a specific resistance load. 

As discussed in Section 4.5.3.2 and Section 4.5.4 the width of the impulse due to the 

ball bearing impacting on the Thunder™ beam is in the range of 10-4 s. Therefore, the 

acquisition rate was chosen to be 50 MHz.  

n

VVV
V n

rms

22
2

2
1 ...+++

=         5.8 

The procedure for obtaining the RMS voltage is described as follows. Initially, a 

run was performed with programmable resistance substituter. This gave the zero value. 

Then the input of the programmable resistance substituter was connected to the 

electrodes of the piezoelectric element. A run was performed again and the values of 

RMS voltages at different output resistances were saved. The same procedure was 

repeated three times in order to obtain the average value of Vrms. The zero value was 

subtracted from the average voltage to obtain the real value of Vrms, which was used to 

calculate the average output power using the following equation:   

R

V
p

rms

average

2

=           5.9 

The same procedure was used in order to measure RMS voltage under different 

conditions of applied force. The optimum resistance was determined from a plot of 

Paverage against R. The optimum resistance was defined as the value of the output 

resistance by which the obtained output power was at its maximum value.  

5.5 Experimental results and discussion 

In this section, experiments are carried out to investigate the effect of using the 

GF and the CF method on the generated output power using Thunder™ beam. The 

measured results from the impact based piezoelectric harvester under impact are 

compared to the model that is developed in Chapter 4. Experimental results from the 

impact based piezoelectric harvester are obtained in two situations when the harvester 

is mounted using the GF and the CF methods. For both methods, the distance between 

the centre of rotation and the centre of the tube is 0.06 m, the available displacement of 

the ball bearing inside the tube is 0.02 m and the diameter of the ball bearing (d) is 0.01 

m. In the GF method, the Thunder™ pre-stressed beams are rigidly supported while in 
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the CF method the Thunder™ beams are simply clamped. In order to investigate the 

effect of the gravity and the centripetal forces, the ball bearing is removed from the 

tube and the generated output voltage is recorded. These results are compared to the 

one obtained theoretically.      

5.5.1 Power output generated due to the effect of the gravitational force 

In this experiment the harvester is mounted using the GF method without using 

the ball bearing. The effect of the gravity force on the Thunder™ beam is measured and 

analysed. For this experiment, the motor accelerates from its initial value to its target 

value in 5 sec. When the motor reaches its target speed, it rotates at that speed for 7 

min. This time is enough to measure the output voltage across different values of the 

load resistance ranging from 100 Ω until 1 MΩ. The motor changes its rotating speed 

from 0 rpm to 800 rpm with a step of 100 rpm, where data is collected. The readings of 

the open circuit voltage when the wheel rotates under constant angular velocities (200, 

333, 600, 800 rpm) are presented in Figure 5.4. The output voltage is generated due to 

the rotational forces only. Increasing the constant velocity from 200 rpm to 800 rpm, 

results in an average increase in the open circuit voltage peak by 0.04 V. These results 

show little dependence on the rotating speed over the speed range measured.  

 

Figure 5.4 Open circuit voltage measurements using Thunder™ pre-stressed beam at different 

rotating speeds under gravitational force 
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The output average power over the speed ranged from 200 rpm to 600 rpm at 

optimum load resistance is approximately 3.64 ×  10-11 W. This value increases up to 

1.8 ×  10-9 W at a rotating speed of 800 rpm. 

5.5.2 Power output under impact force due to the effect of the gravitational force 

In this experiment, the motor accelerates from its initial value to its target value 

in a time of 5 sec. The rotating speed increases from 0 to 300 rpm at a step of 15 rpm 

and every time the motor reaches its new target it will rotate at that speed for 7 min. For 

this experiment the available displacement of the ball bearing is 0.015 m. The frame is 

mounted in a way that the distance between the beginning of the frame and the point 

where the direction of the centripetal force is perpendicular to the free movement of the 

ball bearing (∆L) is around 0.005 m. The radius of the rotating wheel is 0.06 m and the 

diameter of the ball bearing is 0.01 m. Therefore, the critical rotating speed by which 

the ball bearing sticks to one end of the frame can be calculated using equation 4.5 and 

it is equal to 3.6 rps.  

Figure 5.5 and Figure 5.6 present the open circuit voltage of the impact based 

piezoelectric harvester. These results show that the output voltage peak increases by 

increasing the rotating speed and it reaches its maximum value of 5.6 V at a rotating 

speed of 133 rpm (Figure 5.5(b)). This speed corresponds to the maximum rotating 

speed that allows the ball bearing to move across the length of the tube during one 

cycle. Higher rotating speeds allow the ball bearing to generate an impact on only one 

side of the frame as the ball bearing can not move from one side of the frame to the 

other. By increasing the rotating speed even further the displacement of the ball bearing 

inside the frame reduces due to the effect of centripetal force. In this situation the ball 

bearing generates an impact force only on one side of the frame and this force reduces 

with increasing the rotating speed (Figure 5.5 (c)). This is due to the fact that increasing 

the rotating speed reduces the displacement of the ball bearing until the rotating speed 

reaches its critical value when the ball bearing sticks to one end of the frame. At this 

critical speed the component of the centripetal force becomes significant enough to 

prevent the ball bearing from moving away from one end of the frame. Figure 5.5 (d) 

shows that the peak output voltage drops to 0.55 V at a constant speed of 200 rpm due 

to the decrease of the displacement of the ball bearing. At a speed of 210 rpm the 

output power peak was 0.01 V and the ball bearing is completely attached to one end of 

the frame and its internal displacement is negligible. Beyond 210 rpm, one of the 
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Thunder™ pre-stressed beams and the ball bearing act as one body and the output 

voltage then increases slightly with the rotating speed.  

 
 

  

Figure 5.5 Open circuit voltage measurements using Thunder™ beam at up to 200 rpm under 

the effect of the impact force 

In addition, the waveform of the open circuit voltage is similar to the one where 

no ball bearing is introduced to the system as shown in Figure 5.6. However, the peak 

value is slightly higher at around 0.01 V at 330 rpm. It is predicted theoretically that the 

ball bearing sticks to one end of the tube when the rotating speed reaches 3.6 rps using 

the GF method. The experimental result agrees with the analytical one. The numerical 

model, presented in Section 4.5.4, that describes the behaviour of the mass predicts that 

a multiple impact situation occurs after the mass and the pre-stressed beam are in 

contact with each other. This can be demonstrated in Figure 5.5 where after each peak 
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due to the direct collision between the mass and the piezoelectric material there are a 

few peaks with lower amplitude. 

 

Figure 5.6 Open circuit voltage measurements using Thunder™ pre-stressed beam at rotating 

speed between 213 and 300 rpm under gravitational and impact forces 

In order to investigate the relationship between the output power and the load 

resistance, the root mean square voltage at each value of the load resistance is measured 

and the output power is calculated as has been illustrated in Section 5.4.3. Figure 5.7 

shows the effect of increasing the rotating speed on the average output power when the 

harvester is mounted using the GF method. The output power is measured across the 

optimum load resistance. The value of the load resistance changes with the rotating 

speeds. The different values of the of the load resistance are given at the end of this 

section. 
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Figure 5.7 Output power as a function of rotating speed using Thunder™ pre-stressed beam 

under gravity and impact forces 

These results are obtained experimentally. This graph can be divided into 3 main 

regions.  In the first region, the power increases slightly from 10-7 W to 4 ×  10-7 W 

when the rotating speed increases from 100 rpm to 133 rpm respectively. In this region 

the internal displacement of the ball bearing equals the whole length of the frame. 

Therefore, increasing the rotating speed in this region results in an increase in the ball 

bearing momentum acceleration by which it hits each end of the frame and hence the 

applied force. In the second region, increasing the speed from 133 rpm to 200 rpm 

reduces the output power dramatically to 5 ×  10-9 W. This is due to the effect of the 

component of the centripetal force acting in the direction of the free movement of the 

ball bearing. The value of this force increases by increasing the rotating speed. 

The higher the applied speed the less available internal displacement the ball 

bearing has. At a speed of 210 rpm the average output power will reach its minimum 

value of 6 ×  10-11 W. This speed defines the beginning of region three where the ball 

bearing is completely attached to one end of the frame and its internal displacement is 

negligible. In this region, the ball bearing and one of the piezoelectric pre-stressed 

beam begin to behave as one entity. Therefore increasing the rotating speed will result 

in a slight increase in the average output power due to the applied force from rotation. 

Figure 5.8 shows the average output power versus the load resistance in region one.  
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Figure 5.8 Output power as a function of load resistance at rotating speeds up to 133 rpm using 

impact based piezoelectric harvester mounted using the GF method  

The average output power increases by increasing the load resistance until it 

reaches its maximum value at the optimum load resistance. After that any increase in 

the load resistance results in a reduction in the output power. Moreover, increasing the 

rotating speed, results in an increase in the output power due to the increase in the 

impact force. The optimum output load resistance slightly reduces from 20 kΩ to 10 kΩ 

by increasing the rotating speed from 100 rpm to 133 rpm. Figure 5.9 shows the effect 

of increasing the load resistance on the average output power at different values of 

rotating speed in region two.  

 

Figure 5.9 Output power as a function of external resistance at a rotating speed between 133 

and 200 rpm using Thunder™ piezoelectric pre-stressed beam under centripetal and impact 

forces  output  
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In this region, increasing the speed reduces the output power dramatically. 

However, the load resistance is fixed at one value of 10 kΩ in this region.  Any further 

increase in the rotating speed beyond 210 rpm results in a slight increase in the output 

power and a major increase in the value of the optimum resistance. The optimum load 

resistance at a rotating speed of 210 rpm is approximately 200 kΩ. The reason behind 

the changes in the value of the optimum load resistance is explained in the last 

paragraph of Section 5.6. 

5.5.3 Power output generated due to the effect of the centripetal force 

The motor accelerates from its initial value to its final one in 5 sec. When the 

motor reaches its target speed, it rotates at that speed for 7 min, which is enough time to 

measure the changes in the output power across various values of the load resistance. 

The load resistance varies from 10 Ω to 1 MΩ at a step of 1 kΩ, where the output 

power is calculated. After reaching 100 kΩ, the step increases up to 10 kΩ. The 

changes in the output voltage across the load resistance are recorded at 200 rpm, 333 

rpm, 600 rpm and 800 rpm. In this experiment, the harvester is mounted using the CF 

method without the use of the ball bearing. 

 

Figure 5.10 Output power as a function of external resistance with different operational 

frequencies using Thunder™ pre-stressed beam under centripetal force, solid lines present the 

experimental (exp.) results and the symbols present the numerical (num.) data  
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The ball bearing is taken from the tube in order to measure the effect of the 

centripetal force on the output power generated from the Thunder™ beam. Figure 5.10 

shows the average output power versus the load resistance. It is found that the 

maximum output power is achieved when the load resistance is at its optimum value. 

The optimum load resistance is found to be 60 kΩ over the speed range. Increasing the 

rotating speed, results in an increase in the output average power due to the increase in 

the applied centripetal force. The output averaged power at 200, 333, 600 and 800 rpm 

are 3.5 ×  10-10, 2.7 ×  10-8, 9 ×  10-7 and 2.5 ×  10-6 W respectively. Figure 5.10 shows 

that the resistance corresponding to the peak power between the experimental and the 

numerical results is displaced by 50 %. The difference in the amplitude peaks between 

the experimental and the numerical results reach up to 20 %.  

5.5.4 Power output under impact force due to the effect of the centripetal force 

In this experiment, the impact based piezoelectric harvester is mounted using the 

CF method. The main source of the output voltage is the impact generated by the ball 

bearing within the tube due to the effect of the centripetal force. The changes in the 

output voltage across the load resistance are recorded at 200 rpm, 333 rpm, 600 rpm 

and 800 rpm. The values of the load resistance ranged from 100 Ω to 1 MΩ at a step of 

1 kΩ, where the output power is calculated. After reaching 100 kΩ, the step increases 

to up to 10 kΩ. Both experimental and theoretical results prove that the amount of 

power generated by mounting the impact based piezoelectric harvester using the CF 

method is higher than the one generated by the GF method for a given rotating speed. 

The main source of energy in the impact based piezoelectric harvester is the impact 

generated by the ball bearing. The numerical model that describes the behaviour of the 

mass predicts that a multiple impact situation occurs after the mass and the pre-stressed 

beam are in contact with each other. Therefore, after each peak due to the direct 

collision between the mass and the piezoelectric material there are a few peaks with 

lower amplitude. After that the mass sticks to the beam until the frame acceleration 

changes its direction. This experiment is carried out to verify the developed model. 

Figure 5.11 shows the output open circuit voltage produced by one of the pre-stressed 

beam at a rotating speed of 800 rpm.  

The main output voltage peak generated by a direct contact between the 

piezoelectric beam and the mass is followed by a few peaks with lower amplitude. This 

agrees with the model where multiple impacts are predicted (4.5.4). In Figure 5.11 the 
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long peak is formed when the piezoelectric element is directly compressed by the ball 

bearing. This is followed with shorter amplitudes generated by the multiple impacts. 

Another long peak appears again after one cycle. Figure 5.11 shows that there is a peak 

after half a cycle, which is formed due to the impact between the ball bearing and the 

other side of the tube. 

 

Figure 5.11 The open circuit voltage at a rotating speed of 800 rpm 

This impact creates a vibration that can transfer through the tube and causes 

output power to be generated from the piezoelectric located on the other side of the 

tube. The experimental results that show the effect of rotating speed on the open circuit 

voltage of the pre-stressed beam when subjected to impact force are presented in Figure 

5.12.  

 

  Figure 5.12 Open circuit voltage measurements using Thunder™ pre-stressed beam at 

different rotating speeds under centripetal and impact forces 
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As can be seen, multiple peaks occur after the direct collision between the mass 

and the piezoelectric pre-stressed beam due to multiple impacts between them. 

Although increasing the speed increases the amplitude and the frequency of the 

waveform, it slightly reduces the width of the pulses. Figure 5.13 shows the average 

output power introduced by one of the Thunder™ pre-stressed beam versus the load 

resistance.  

 

Figure 5.13 Output power as a function of external resistance at different rotating speeds using 

Thunder™ piezoelectric pre-stressed beam under centripetal and impact forces, solid lines 

present the experimental (exp.) results and the symbols present the numerical (num.) data   

Figure 5.13 shows that the resistance corresponding to the peak power between 

the experimental and the numerical results is displaced by up to 50 %. The difference in 

the amplitude peaks between the experimental and the numerical results reach up to 20 

%. The experimental results outline the effects of using the ball bearing on the average 

output power. A maximum average power of 2 mW, occurs at a rotating speed of 800 

rpm. As can be seen, reducing the rotating speed resulted in a reduction in the average 

output power. The slight shift in the maximum value of the output power indicates a 

decrease in the optimum load resistance of the transducer when the rotating speed 

increases. This is due to reduction in the mechanical damping of the Thunder™ and an 

increase in its stiffness.     
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The output averaged power produced by each transducer at 200, 333, 600 and 

800 rpm are 1.2 ×10-5, 4 ×10-5, 2.4 ×10-4 and 2 ×10-3 W at an optimum resistance of 6 

k Ω, 3 k Ω, 2 k Ω and 1 k Ω respectively. Comparing the value of the optimum 

resistance of the simply supported Thunder™ beam with and without the use of the ball 

bearing in the tube shows that introducing the ball bearing to the system results in a 

reduction in the mechanical damping of the transducer. Therefore, the electrical 

damping presented by the optimum load resistance is reduced by one order of 

magnitude. 

5.6 Effect of the harvester’s parameters on the average output power 

 Two series of experiments at different rotating speeds, ranging from 10 rpm to 

900 rpm are performed to verify the theoretical prediction of the average output power 

and its dependency on both the frame length and the ball bearing mass. The first 

experiment investigates the relationship between the frame length and the maximum 

average output power for a given mass at different rotating speeds. The second 

experiment investigates the effect of the ball bearing mass on the maximum average 

output power. The second experiment is performed at different rotating speeds and for 

a given frame length. 

In the first experiment, a 0.0035 kg ball bearing mass is used to generate an 

impact force on the piezoelectric element. Four different frame lengths with available 

mass displacements of 0, 0.005, 0.01 and 0.02 m are used. The voltage drop across the 

optimum resistance of the Thunder™ beam for each frame length is measured and 

recorded at different rotating speeds.  Figure 5.14  presents the effect of rotating speed 

(f) on the maximum average output power (P) at different frame lengths using 0.0035 

kg ball bearing.  
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Figure 5.14 Rotating speed versus maximum average output power using 3.5 grams ball 

bearing at different frame length, solid line is the numerical (num.) results and the symbols are 

experimental (exp.) data 

Theoretically, it is found that the average output power is proportional to the 

cubic value of the rotating speed 3fP ∝ . Practically, this relationship is valid if the 

rotating speed does not exceed the value at which the piezoelectric beam will be at 

yield. If the rotating speed exceeds the recommended value, the generated output power 

will be less than the one predicted theoretically due to plastic deformations. Both the 

theoretical and experimental results agree that the harvester with a ball bearing 

produces more average output power than the same harvester without the use of a ball 

bearing. Both results agree that increasing the rotating speed results in an increase in 

the average output power. The effect of increasing the available mass displacement on 

the maximum output average power at different rotating speeds using 0.0035 kg ball 

bearing is illustrated in Figure 5.15.  
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Figure 5.15 Average output power versus mass displacement using 0.0035 kg mass at different 

rotating speed, solid line is the numerical (num.) results and the symbols are experimental 

(exp.) data 

For a given value of the mass and the length of the tube the numerical method 

that was presented in Section 4.5.5 is used to calculate the maximum rotating speed that 

causes the Thunder™ beam to be at yield. Numerical calculations show that when the 

available displacements of the mass change as follow 0.02 m, 0.01 m, 0.005 m and 0 m, 

the maximum rotating speeds that put the piezoelectric element at yield change as 

follow 510 rpm, 560 rpm, 660 rpm, and 1080 rpm, respectively. This is calculated 

when R and M ′ equal to 0.06 m and 0.0035 kg, respectively. As the percentage of the 

absorbed energy from the impact is approximately constant increasing the rotating 

speed beyond its maximum value causes the loss in the system to increase due to the 

formation of the plastic deformation within the piezoelectric material. This 

phenomenon is explained in Section 4.5.3.2. Figure 5.14 and Figure 5.15 show that 

when the rotational speeds exceed their maximum value for a given length of the tube, 

the experimental results are lower than the one predicted numerically. This is due to the 

fact that the model does not take into the account the plastic deformation and the extra 

losses caused by it.   

For the second experiment two ball bearings with a mass of 0.035 and 0.083 kg 

are used to measure the effect of increasing the mass on the average output power. 

Figure 5.16 shows the effect of increasing the rotating speeds on the average output 
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power using the two ball bearings. This figure compares the numerical results with the 

one obtained experimentally, where a good agreement between the two results are 

obtained.  

 

Figure 5.16 Speed versus maximum average output power using 0.0035 and 0.0083 kg ball 

bearing with a mass available displacement of 0.01 m. 

The experimental results show that the value of the optimum load resistance for 

the simply supported Thunder™ pre-stressed beam drops from 60 kΩ to 6 kΩ when the 

ball bearing is adding to the tube. Moreover, the value of the optimum load resistance 

shows a slight dependence on the rotating speed over the range of measurement. 

Increasing the rotating speed from 200 rpm to 800 rpm results in reducing the load 

resistance from 6 kΩ to 1 kΩ, respectively. Therefore, the greater the rotating speeds, 

the lower the optimum load resistance will be. This indicates that the increase in the 

applied force on the Thunder™ pre-stressed beam due to the mass impact changes the 

equivalent constant of the piezoelectric beam and thus the resonant frequency of the 

harvester. This agrees with the results presented in Section 3.4.4 as increasing the 

applied force causes the stiffness of the piezoelectric element to increase and the 

damping to reduce. This reduction in the stiffness causes the resonant frequency of the 

Thunder™ beam to increase, thus reducing the value of the load resistance.   

Some simulations and experimental results carried out by Umeda [56] show that 

the impact force from the ball bearing results in a reduction in the resonant frequency 
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of the curved beam and thus increases the output optimum load resistance. However, 

these results are in contrast to the experimental results that are obtained in this project 

as introducing the ball bearing results in lower load resistance. The reason behind this 

contradiction is that the Umeda uses an unstressed beam, whose stiffness is constant. 

Therefore the effect of the ball bearing impact causes the effective mass of the 

impacted piezoelectric element to increase. This results in a lower resonant frequency 

of the piezoelectric element and thus an increase in the load resistance. However, 

Thunder™ beam is a pre-stressed device of which stiffness changes depends on the 

value of the impact force. Both the stiffness and the damping are measured 

experimentally using the curve fitting method explained in Section 3.4.4. These values 

are used in the numerical model in order to predict the amount of power generated and 

the value of the optimum resistance.  

If the rotating forces are the only forces acting on the piezoelectric transducer (no 

ball bearing is added to the tube) the optimum load resistance shows no dependency on 

the rotating speed. In this case the value of the load resistance depends on the method 

of mounting the Thunder™ beam. For simply supported and rigidly supported methods, 

the optimum load resistance is found to be 60 kΩ and 200 kΩ, respectively. Introducing 

the ball bearing to the system causes the optimum load resistance to drop by an order of 

a magnitude in both cases. Any further increase in the impact force causes the extra 

reduction in the value of the optimum load resistance due to the reasons explained 

previously in this section.   

5.7 Conclusions 

The developed model that was used to predict the amount of power generated 

from rotational forces using an impact based piezoelectric harvester was verified in this 

chapter. In order to test the performance of the piezoelectric harvester, a testing wheel 

which was driven by a motor was designed. The harvester was attached to the edge of 

the wheel through a host. A Thunder™ pre-stressed beam was used in this experiment 

to generate power from a rotating wheel using GF and CF methods.  

In the GF method the harvester was mounted at the edge of a rotating wheel and 

left to rotate with the wheel. This method was considered because the way that the 

harvester was mounted was simple and it did not need any complicated mechanical 

support to hold the harvester in place.  
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When the ball bearing was not introduced into the tube, any increase in the 

rotating speed resulted in an increase in the output voltage and thus the output power. 

The maximum average output power at a speed of 800 rpm was 1.8 ×  10-9 W. In this 

case the harvester optimum load resistance was found to be 200 kΩ. By introducing the 

ball bearing into the tube, the average output power improved by increasing the rotating 

speed to reach a value of 4 ×  10-7 W at 133 rpm. Any further increase in the rotating 

speed, resulted in a reduction in the output power. This was due to the effect of the 

centripetal acceleration component that worked against the gravitational force. The 

average output power kept reducing until it reached its minimum value of 5 ×  10-9 W at 

210 rpm. At this point the ball bearing stuck at one end of the frame. Any further 

increase in the rotating speed resulted in a slight increase in the output power. The 

optimum load resistance was approximately 20 kΩ when the rotating speed was less 

than 100 rpm. This value dropped to 10 kΩ at a rotating speed above 100 rpm. By 

increasing the rotating speed beyond 133 rpm, the optimum load resistance started to 

increase and it reached the value of 200 kΩ at 210 rpm. 

The effect of increasing the rotating speed on the output power of a piezoelectric 

transducer, which was kept in a horizontal position (CF), was analyzed in this chapter. 

It was found that increasing the rotating speed resulted in an increase in the output 

power. The generated average power from each pre-stressed beam was 2.5 ×  10-6 W at 

800 rpm. These results were obtained using the optimum resistance, which was 60 kΩ. 

In this case, the piezoelectric transducer was converting the available energy from the 

centripetal force into useful electrical power.  

Adding a ball bearing to the system meant that the force acting on the 

piezoelectric harvester was the sum of the centripetal force and the impact force 

generated by the ball bearing. A pulse was generated every time the ball bearing hit the 

transducer. The frequency, amplitude and the width of the generated pulse depended on 

the rotating speed. For each Thunder™ pre-stressed beam, the average output power at 

800 rpm was 2 ×  10-3 W. However, the optimum load resistance dropped by an order 

of magnitude when the ball bearing was introduced to the system to a value of 6 kΩ at 

200 rpm. Any further increase in the rotating speed reduced the optimum load 

resistance to 1 kΩ at 800 rpm. From the experimental results, increasing the rotating 

speed resulted in an increase in the average output power. Both experimental and 

theoretical results agreed that the relationship between rotating speed and the average 

output power was cubic. Finally, the average output power was directly proportional to 
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the mass of the ball bearing. In summary the theoretical analysis and the simulation 

results showed that using CF method to mount the piezoelectric harvester at the edge of 

a rotating wheel generated more output power that using GF method with or without 

using a mass. 
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Chapter 6                       

Simulation of the non-contact 

based piezoelectric harvester 

6.1 Introduction 

This chapter presents a method to extract electrical power from curved composite 

beam that contains a piezoelectric material (Thunder™, model TH 10-R) using 

magnetic forces. The principle of this method is presented in Section 6.2. Numerical 

and analytical methods of calculating the magnetic force between two magnets is 

presented in Section 6.3. The magnetic forces developed between two magnets under a 

wide range of sinusoidal input forces with different values of amplitude and frequency 

are analysed numerically. The effect of the separation distance between the magnets on 

their magnetic force and behaviour is analysed numerically. Theoretical analysis of the 

developed piezoelectric harvester is presented and verified with the simulated results. 

The effect of the load matching and efficiency are explored. Moreover, the effect of the 

physical dimensions of the magnets, tube length and the value of the input force on the 

generated output power is illustrated. Finally, an overview of the design is presented in 

section 6.8.   

6.2 Structure of the harvester and operating principle 

The principle of using magnetic forces to generate power from piezoelectric 

material is discussed in detail in this section.  



 155 

Direction of motion 
of the central magnet

Piezoelectric materialPiezoelectric material

Magnets

Tube

NSSS NN

 

Figure 6.1 A schematic diagram of the magnetic levitation system  

A schematic diagram of the system is shown in Figure 6.1. The device uses two 

outer magnets that are mechanically attached to a piezoelectric element using an 

adhesive material. A central magnet is placed axially in line between the two outer 

magnets. The magnetic poles are oriented to repel the central magnet and thus 

suspending the central magnet with restoring force. Due to applied acceleration forces, 

the central magnet moves within the given space between the outer magnets. The 

displacement depends on the applied force as well as the restoring force as explained in 

Section 6.6. As the distance between each of the outer magnets and the central one 

changes, the axial load on the piezoelectric material changes. Thus an output power 

will be generated. For further analysis, Thunder™, model TH 10-R, is used as a source 

of converting mechanical energy into electrical one. All the calculated and measured 

parameters that are presented in Chapter 3 will be used to investigate the behaviour of 

the harvester under a sinusoidal input force.     

6.3 Calculation of magnetic force 

Assuming two cuboidal magnets each of which has a central point o  and o′ as 

shown in Figure 6.2. The magnet with central point ohas magnetization ofJ  and 

dimensions of 2a, 2b, and 2c. The magnet with central point o′ has magnetization of J ′  

and dimensions of 2A, 2B, and 2C. The poles of both magnets are in the z-axis 

direction. These magnets are separated (centre to centre) byα , β  and γ  in thex , y  

and z  direction, respectively.  
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Figure 6.2 Magnet configuration 

The magnetic force between two cuboidal magnets can be calculated analytically 

using the following equation [80].  
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Figure 6.3 Calculation of the axial magnetic force as a function of a separation distance 

between the two magnets  

If the two magnets share the same central line where the area of the first magnet 

2a ×  2b overlaps perfectly with the face of the other magnet 2A ×  2B, the value of the 

two forces xF  and yF  will be negligible. Therefore, the only force that acts between 

the magnets iszF . In this case,α andβ equals zero and ( )cCd ++=γ , where d is the 

air gap between the two magnets in the z direction. The two magnets that are used in 

the preliminary test are made of Neodymium Iron Boron (NdFeB). Each magnet has 

the dimensions of 132222 ==== BbAa mm and 422 == Cc  mm. The magnetization 

of the used magnet is 1.22 T. The relationship between the magnetic force and the 

separation distance in the z direction only, where α  and β  equals zero, is shown in 

Figure 6.3. In this figure the force generated between the two magnets is calculated 

numerically using 3-D Maxwell software [81] and compared to the analytical one using 

equations 6.1. Maxwell is electromagnetic field simulation software that can be used to 

model electromagnetic fields. The software is based on the finite element method 

(FEM) that allows the calculation of static, harmonic electromagnetic and electrical 
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fields. For this application, Maxwell is used to calculate the magnetic forces developed 

between two magnets. As can be seen, there is an agreement between the analytical 

results and the finite-element solution. Therefore, for further analysis only analytical 

model based on solving equation 6.1 is used. 

6.4 Analytical analysis of the geometry effects on the forces between 

magnets 

The benefit of using a magnetic force in the application presented in Section 6.2 

is that forces are applied on the piezoelectric element without the need for physical 

contact. In order to design a harvester that uses magnets, the effect of magnet geometry 

and shape on the magnetic forces must be analyzed. Both the size and the aspect ratio, 

the ratio of the axial dimension to the lateral dimension (2c/2a), are important 

parameters that must be taken into account during the process of designing the 

harvester. This helps to optimize the size of the magnets and thus the size of the 

piezoelectric harvester. Equation 6.1 is used over a range of magnet sizes and 

geometries to explore scaling laws and other geometrical effects. For this investigation, 

two identical cuboidal magnets are used with a magnetization of 1.22 T. These magnets 

are placed axially in line with each other. Section 6.4.3 illustrates the effect of the 

magnetic shape on the generated magnetic forces. In this section two magnets are used, 

i.e. cuboidal and an equivalent sized cylindrical magnets. 

6.4.1 Effect of volume on the magnetic forces 

Figure 6.4 shows the effect of reducing the magnet volume on the contact force. 

This force is defined as the attraction or repulsive force with zero axial and lateral gaps 

between the two magnets. Figure 6.4 shows the relationship between the magnetic 

forces generated between two magnets and their volumes. These data are obtained 

analytically. In order to investigate this effect, the volume of the magnet varied from 

0.0625 × 10-6 m3 to 4 × 10-6 m3 at a base of 0.3 ×  10-6 m3 and the aspect ratio is held 

constant at 0.5. This range of volume is used because the size of the used Thunder™ 

beam requires a magnet with a volume located within this range. Using equation 6.1, 

the magnetic contact force is found to be directly proportional to V2/3, where V is the 

volume of the magnet.  
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Figure 6.4 Effect of magnet volume on the contact force 

6.4.2 Effect of aspect ratio on the magnetic forces 

In order to investigate the effect of aspect ratio on the contact force, the magnets 

volume is held constant while the forces generated at different values of aspect ratio are 

calculated using equation 6.1. Figure 6.5 shows the effect of aspect ratio on the 

magnetic contact force for three volumes 0.0625 × 10-6 m3, 0.5 × 10-6 m3 and 4 × 10-6 

m3. These volumes are used because the magnet dimensions are suitable to be used 

with the Thunder™ beam. For a given volume, the maximum magnetic force can be 

achieved when the aspect ratio is approximately 0.4. Outside this range the values of 

the forces drop. Therefore, in order to maximize the magnetic force, the magnet must 

be designed to have an aspect ratio between 0.3 and 0.6. This is due to the effect of the 

magnetic field generated by the magnets [82]. Therefore, increasing the aspect ratio 

changes the shape of the magnet from plate into a rod causing a faster decay in the 

value of the magnetic force.  
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Figure 6.5 Effect of AR on the contact force between two magnets 

Figure 6.6 shows the changes in the magnetic force as a result of increasing the 

separation distance between the two magnets at different aspect ratio. For this 

investigation the volume of the magnets is held constant at 0.5 ×  10-6 m3. Figure 6.6 

shows a comparison between the analytical and the FEM calculation. These results are 

in a good agreement.  

 

Figure 6.6 Axial forces versus the separation distance at different values of AR 

Figure 6.7 shows the variation of the normalized axial force (F) by the contact 

force (Fo) with the increase in the normalized axial gap (d) by the magnet thickness 
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(2c). Four curves are shown for magnets with the same volume (0.5 ×  10-6 m3) at 

different aspect ratio 0.1, 0.5, 1 and 4. It is clear from Figure 6.7 that the axial force 

decreases rapidly when the aspect ratio is greater than unity compared to the magnets 

that have aspect ratio less than unity. Therefore, for the design that is proposed in 

Section 6.2, where the magnet has a large displacement, it will be preferable to use a 

magnet with low aspect ratio.      

 

Figure 6.7 Normalized axial force (F/Fo) versus normalized axial displacement (d/2c) 

If the magnet has a very high aspect ratio (2c/2a >>1), the magnetic force is 

directly proportional to the 2a×2a as shown in Figure 6.8.  

 

Figure 6.8 Effect of increasing the length of the magnet on the output force 
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Increasing the axial dimension (2c) has negligible effect on the generated 

magnetic force as presented in Figure 6.9.  

 

Figure 6.9 Effect of increasing the thickness of the magnet on the output force 

If the magnet has low aspect ratio (2c/2a <<1), the magnetic force is directly 

proportional to the 2a×2c as shown in Figure 6.8 and Figure 6.9. The magnetic force at 

contact increases by increasing the size of the smallest area of the magnet. In order to 

investigate the effect of increasing the length (2a) of the magnet, the initial dimensions 

of the magnet are 1 mm ×  1 mm ×  40 mm. The length and the width of the magnet 

increase from 1 mm to 150 mm with a step of 2mm. Therefore, the aspect ratio reduces 

from 40 to 0.266. The dimension of the magnet is chosen by which the initial aspect 

ratio (AR) >> 1 and the total volume of the magnet is 1600 mm3. 

In order to investigate the effect of increasing the thickness (2c) of the magnet, a 

magnet with a volume equals to 1600 mm3 is used in the simulation. Therefore, the 

initial dimensions of the magnet are 31.7, 31.7, 1.58 mm. The thickness of the magnet 

increases from 1.58 mm to 90 mm with a step of 2mm. Therefore, the aspect ratio 

increases from 0.05 to 2.83. The dimensions of the magnet are chosen by which the 

initial aspect ratio (AR) << 1.     

6.4.3 Effect of the magnet shape 

In order to investigate the effect of the magnet shape on the magnetic forces, a 

comparison between cuboidal and an equivalent sized cylindrical magnets is carried 
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out. Assuming that both cylindrical magnets are sharing the same central line and the 

separation distance changes only in the axial direction, the magnetic force between 

them can be calculated analytically using the following equation [83]. 
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R is the radius of the cylindrical magnet and 2,1τ  is the aspect ratio of the two 

magnets, which equals the thickness of the magnet divided by its diameter. The 

magnetic energy constant (Kd) is given by the following equation, where oµ  is the 

permittivity of the vacuum and M is the magnetization: 
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 where ( 2
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K and E are the complete elliptic integrals of the first and the second kind, 

respectively and they are given as follows: 
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  Figure 6.10 demonstrates that the contact force generated by a cuboidal magnet 

is around 20 % more than an equivalent sized cylindrical magnet.   
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Figure 6.10 Axial force versus separation distance for cuboidal and cylindrical magnets  

6.5 Length of the tube and the magnet size 

In this section an analytical calculation is used to optimize the dimensions of the 

magnet and the tube and thus the size of the harvester. Assuming Fmax is the maximum 

force that the middle magnet is facing under rotation. This value is calculated at the 

maximum rotating speed which corresponds to a linear speed of 100 mph. Therefore, 

the contact force between the middle magnet and the two outer magnets must equal 

Fmax. In this case, the middle magnet travels in the axial direction between the outer 

magnets and no contact occurs between them if the rotating speed is less than 100 mph. 

Under higher rotating speed, the applied force on the middle magnet will exceed the 

contact force and thus an impact force occurs between the middle and the outer 

magnets. The applied force, which the harvester is designed for, should not exceed its 

maximum value because the impact force causes damage to the harvester.  

 

Figure 6.11 Distances and dimensions between the magnets in the levitation system 
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By knowing the contact force, the dimensions of the magnet can be determined 

using the equation presented in Section 6.3. Figure 6.11 shows the dimensions of the 

three identical magnets and the air gaps between them. The total volume of this 

configuration equals the volumes of the magnets added to the volume of the two air 

gaps. As was explained in Section 6.4.2, the maximum magnetic force can be achieved 

when the aspect ratio of the magnet is 0.5. Therefore, the thickness of the magnet (t) 

equals half of the length of the magnet (A/2).  
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2

3
23 +=+=       6.11   

Where do is the axial distance between the middle and each of the outer magnet. 

By assuming do equals t⋅α , the total volume of the configuration can be given by the 

following equation: 

33
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3
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Figure 6.12 Normalized forces that the outer magnets are facing as a function of the normalized 

axial gap graph (a) and (b). Normalized forces that the middle magnet is facing as a function of 

the normalized axial gap (c)  

Figure 6.12 shows the variation of the normalized axial force (F/Fo) with the 

normalized axial gap (do/t). Figure 6.12 (a) and Figure 6.12 (b) show the relationship 
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between the normalized forces with the normalized gaps for the outer magnets, while 

Figure 6.12 (c) shows this relationship for the middle magnet. These figures are 

generated using MATLAB and the equations presented in Section 6.3. It has been 

assumed that if the applied force on the magnet is in the same direction as the motion 

that is shown in Figure 6.11, the force will be positive and vice versa.    

In Figure 6.12, the maximum force that the outer magnets faces is when the 

magnet is in contact with the middle magnet. This value reduces gradually by 

increasing the axial gap between the outer magnet and the middle one. The maximum 

gap between the outer magnet and the middle one is 2do. The analytical calculation 

shows that the magnetic force between the middle and the outer magnet is 

approximately  0.09 % of the contact force when the the total axial gap between them is 

8t. Therefore, it is assumed that at this distace the contact force between the middle and 

the outer magnet is negligible. In order to optimize the dimensions of the configuration 

presented in Figure 6.11, the effect of reducing the axial gap will be investigated. 

Figure 6.13 (a) shows the effect of reducing the total axial gap on the outer magnet. 

 

Figure 6.13 Normalized force as a function of the Normalized axial gap at different values of 

2do on the outer magnets, graph a) and on the middle magnet, graph b) 
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When the axial distance between the outer and the middle magnet is zero, the 

axial force between the two magnets reaches its maximum value which is reffered to as 

the contact force (Fo). If the total avaliable axial gap equals to more than 8t, the forces 

between the magnets are small enough. Therefore, these forces can be considered to be 

negligible. Thus, when the middle magnet travels all of the avaliable distance, the 

maximum force applied on the outer magnet is 100 %. However, if the total distance is 

reduced to t and 0.25t, the maximum force between the two magnets at that distance 

will be 83.86 % and 48 % of the contact force, respectively. Therefore, reducing the 

axial gap results in reducing the total force applied on the outer magnets. In case of 

having an total axial gap of t and 0.25t, the total loss in the magnetic force is 16.14 % 

and 48 %, respectively.  

Figure 6.13 (b) shows the effect of reducing the total axial gap on the middle 

magnet. The total magnetic force that the middle magnet is facing, when it is located 

half way batween the outer magnets, is zero. Moving away from the centre, the applied 

force on the magnet starts to increase until it reaches its maximum value when the 

magnet is in contact with the outer one. The relationship between the total axial 

distance and the force required to bring the outer and the middle magnet in contact with 

each other is explained in Section 6.6. For a given magnet volume, reducing the axial 

gap results in increasing the required force that brings the middle magnet in contact 

with the outer one. 

6.6 Numerical analysis of the magnet behaviour 

As shown in Figure 6.1, the device consists of a magnetic levitation system. To 

describe the behaviour of the middle magnet under external forces, two reference 

frames are taking into the account. The first one is used to describe the motion of the 

frame and thus the two outer magnets as they are attached to the frame. This equation is 

described as ( )tRz ωcos= , where R is the motion amplitude and ω  is the angular 

frequency. The second reference frame describes the motion of the middle magnet (x). 

The relative displacement between the outer and the middle magnet is y. The magnetic 

levitation system will be mounted at the edge of a rotating wheel and mounted using 

the CF method. The reason for this is explained in Section 4.3.3. Therefore, the 

centripetal force in the x direction is the driving force that causes the middle magnet to 
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move. The governing differential equation that will be used to describe the behaviour 

of the system is given by the following equation:  

( ) ( )tyRF
m

y
m

c
y total ⋅+=+




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+ ωω cos
1 2&&&      6.13 

Where, m, c and Ftotal are the mass of the middle magnet, damping coefficient, 

total force generated by the two outer magnets. R is the distance between the wheel 

centre and the middle point of the tube and ω  is the rotating angular frequency of the 

wheel. The total force from the outer magnets acting on the middle one can be 

calculated using equation 6.1. The time integration of the ordinary differential equation, 

equation 6.13, is performed using a fourth-order Runge-Kutta method. The resonant 

frequency of the magnetic levitation system can be calculated using the undamped and 

unforced oscillation as presented in the following equation, where the dot is the 

derivative with respect to time:   

0
1 =+ totalF
m

y&&          6.14 

This equation is solved numerically using fourth-order Runge-Kutta method. At 

equilibrium, the middle magnet is located at the middle of the tube at 0=x . Initial 

displacement is applied, where odx ⋅= 5.0 .The axial gap (do) between the magnets is 

changed and the relation between the normalized gap (do/t) and the resonant frequency 

is plotted in Figure 6.14. Changing the magnet axial gap alters the stiffness of the 

system and thus the resonant frequency. This behaviour is reported in the literature 

[84].  

 

Figure 6.14 Change in the resonant frequency as function of the normalized gap (do/t) 
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As the initial axial gap reduces, the stiffness increases. This is due to the fact that 

the effect of both the magnetic field and the flux density increases as the distance 

between the magnets reduces. Figure 6.15 shows that any change in the initial 

displacement (x) causes the resonant frequency of the system to change. This is due to 

the nonlinear behaviour of the levitation system. This figure presents the relationship 

between the normalized initial distance in the axial direction (x/do) and the normalized 

resonant frequency (fo(x)/fo(do)) at different axial gap, where oo dxd ≤<1.0 .  

 

Figure 6.15 Normalized resonant frequency (fo(x)/fo(do)) as function of the normalized initial 

distance (x/do) at different values of the axial gap do, numerical results. 

Both Figure 6.14 and Figure 6.15 reveal three important effects: 

• Increasing the axial gap between the outer and the middle magnet 

causes the resonant frequency of the system to drop.  

• For a fixed axial gap, increasing the initial displacement of the 

middle magnet causes the resonant frequency of the system to 

increase.   

• When the normalized gap (do/t) is unity, the normalized frequency 

increases only by 20 % when x increases from 0.1do to do. However, 

when the normalized gap equals to 8, the normalized frequency 

increases by 80 % when x increases from 0.1 do to do. This means 

for wider range of excitation frequency a longer axial gap is more 

preferable.  
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The numerical solution for equation 6.14 is shown in Figure 6.16, where the three 

magnets have the same dimensions of 15, 15, 5 mm and the initial displacement is 0.02 

m. Figure 6.16 (a) and Figure 6.16 (b) show the displacement and the applied force on 

the middle magnet, respectively. 

 

Figure 6.16 Numerical solution of equation 6.14 

However, in real applications the system behaves differently due to the 

mechanical damping (c), which represents the energy loss due to friction. The damping 

force is proportional to the velocity of the middle magnet mass and the damping 

coefficient which is given by equation 3.46. The damping coefficient is directly 

proportional to the resonant frequency of the system. Therefore, its value changes with 

the applied excitation frequency. As the excitation frequency increases, the distance 

between the outer magnet and the middle one reduces causing the system resonant 

frequency and thus the damping coefficient to increase. This effect can be seen in 

Figure 6.17. 
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Figure 6.17 Numerical calculation of equation 6.13 when damping is introduced 

By taking the non-linearity into account and its effect on the damping, the 

solution of equation 6.13 can be shown in Figure 6.18, where R equals 0.06 m.  

Figure 6.18 (a) shows the non-linearity in the system where it presents the 

relationship between the displacement of the middle magnet and the force, where over 

40 cycles are obtained. Figure 6.18 (b) and Figure 6.18 (c) present the changing of 

force over time and the displacement of the magnet over time, respectively. These 

figures present the numerical solution after the waveforms are converged. The 

maximum rotating speed that the system withstands before the middle magnet hits the 

outer magnets is 22.6 rps.   

 

Figure 6.18 Numerical calculation of equation 6.13  
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  Figure 6.19 illustrates the effect of the axial gap between the outer magnet and 

the middle magnet (do) on the applied force on the outer magnet under different values 

of the input frequency. At a certain input frequency, more force is applied to the outer 

magnet when do is 8 times the width of the magnet (0.005 m) than when do has the 

same width as the magnet. This is due to the increase in the magnet stiffness as the 

axial gap reduces. This causes a reduction in the magnet displacement and velocity. 

Moreover, as the stiffness of the magnetic levitation system increases with the decrease 

in the axial gap, the required frequency to bring the middle and the outer magnet in 

contact with each other, when do has the same width as the magnet, is 38 % lower than 

the one when do is 8 times the width of the magnet. As the axial gap reduces, the 

maximum force applied on the outer magnet at contact drops. Figure 6.19 shows that, 

when do has the same width as the magnet, the maximum force at contact effecting the 

outer magnet is 10 % lower than the one when do is 8 times more than the magnet 

width. 

 

Figure 6.19 Axial force versus the input frequency at different values of do    

6.7 Governing equations and energy harvesting model 

The aim of this section is to analyse the model used for the piezoelectric 

harvester. A diagram of the complete energy harvesting device is presented in Section 

6.8. The device consists of magnetic levitation system with Thunder™ pre-stressed 

beam as a source of converting mechanical energy into electrical. Equation 3.38 shows 
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that the output voltage depends on the velocity of the Thunder™ beam. Therefore, 

equation 3.40 is solved numerically using a fourth-order Runge-Kutta method to 

calculate the velocity of the beam at different harmonic input excitation, where mM , 

mB , mK  are experimentally measured as explained in Section 7.3. When the device is 

mounted at a distance R from the centre of a rotating wheel using the CF method, the 

applied force ( mF ) is the sum of two forces. The first one is the one generated due to 

the centripetal force and its peak values equal to mRMf 224π . The second force is 

applied by the middle magnet on the outer magnets and thus the piezoelectric elements. 

The numerical solution (velocity) is fed into equation 3.38 which produces the output 

voltage and thus the output power over time. The changes in the average output power 

with respect to the load resistance at different values of the rotating speed is presented 

Section 7.4.2. In this section the numerical results are compared to the experimental 

one. Analysis of the effect of the rotating speed and the value of do on the average 

output power is also presented in Section 7.4.2.  

6.8 Overview of the design           

The principle of this harvester is presented in Section 6.2. The piezoelectric 

harvester is using Thunder™ beam, model TH 10-R, as the main source to convert the 

kinetic energy into electrical energy due to its high mechanical stability. The magnetic 

levitation system is used to apply force on the piezoelectric elements. Figure 6.20 

shows the different parts that form the non-contact based piezoelectric harvester. Figure 

6.20 (a) shows the base that is screwed on each end of the tube. The Thunder™ beam is 

screwed into each of the bases. A cuboidal magnet made of NdFeB material is attached 

to the curved piezoelectric beam using an adhesive. Magnets made of NdFeB are 

commercially available and provide a high energy density. The outer magnets are 

positioned to repel the middle magnet. The tube, presented in Figure 6.20 (b), is 

attached to the source that provides the excitation force. Therefore, the middle magnet 

moves with respect to the outer magnets within the given space in an axial direction. 

The moving distance depends on the applied force as well as the initial axial gap. As 

the middle magnet moves away from its equilibrium position, force will be applied on 

the outer magnets and thus the piezoelectric elements generate an output power. The 

tube, the bases on both ends of the tube by which the Thunder™ beams are screwed 

into and the carrier that the middle magnet is attached into are made of plastic. This 
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material is used because it is commercially available, cheap, light and easy to 

manufacture. The tube is made of transparent plastic with holes placed alongside the 

tube and used to vary the initial axial gap by repositioning the outer magnets Figure 

6.20 (b). 

 

Figure 6.20 Different parts of the non-contact piezoelectric harvester. a) the base that carries 

the Thunder™ beam and the outer magnet, b) the tube, c) the middle magnet carrier 

For numerical and experimental results, the magnet will be chosen to have an 

aspect ratio in the range of 0.3-0.6. For a given volume, the maximum magnetic force is 

achieved when the aspect ratio is within this range (Section 6.4.2). The magnet shape is 

chosen to be cuboidal instead of cylindrical. This is based on the numerical results 

which show that for a given volume and aspect ratio, the cuboidal magnet provides 20 

% more magnetic force than the cylindrical magnet. The shape of the tube is round to 

reduce the amount of friction. The tube diameter is limited by the length of the 

Thunder™ beam. Therefore, if the length or the diameter of the middle magnet is less 

than the diameter of the tube, the magnet will flip and stick to one of the outer magnet. 

In order to solve this problem, a carrier shown in Figure 6.20 (c) is designed such that 

the magnet will fit tightly into it. This carrier moves in an axial direction between the 

outer magnets carrying the middle magnet. The carrier consists of two parts. The first 

part is a middle cylinder where the magnet fits tight in. The thickness of this part is 

approximately 40 % lower than the thickness of the magnet. This thickness allows the 
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middle magnet to stick outside both ends of the plastic cylinder and face the outer 

magnets. The other part of the plastic carrier is a ring that is bonded to the outside 

diameter of the first part. The length of the ring must be designed to be > 45sin/A , 

where A is the separation distance between the carrier and the tube. If the length of the 

ring is lower than this value the carrier will flip and the middle magnet will stick to one 

of the outer magnets. The two plastic bases, to which the Thunder™ beams are 

attached, are screwed into the tube. As mentioned the minimum value of the tube 

diameter is restricted to the length of the Thunder™ beam. However, the tube length 

and the size of the magnets can be changed to fit the amplitude of the input excitation 

force. 

The total size of the harvester is determined by the length of the tube and the 

dimensions of the magnets. Section 6.5 presents the method to obtain the size of the 

magnets. The applied force between the outer and the middle magnets equals the 

maximum force that the middle magnet is facing due to the excitation force. Therefore, 

the size of the magnets is designed at the maximum applied force. In this case, the 

middle magnet travels all the axial distance between the outer magnets without creating 

any physical contact with them. In this initial design, the total distance that the middle 

magnet is travelling between the outer magnets is eight times the thickness of the 

magnet as explained in Section 6.6. The design after that can be optimised in respect to 

the required volume. Smaller volumes can be achieved by reducing the length of the 

tube. This increases the stiffness of the harvester which allows the size of the magnet to 

be reduced (Section 6.6). This results in a reduction in the applied force on the outer 

magnet and thus the piezoelectric element causing the output power to be reduced. 

Another fact should be taken into the account while designing the harvester is that the 

applied force should not be beyond 63 N. Higher values of the applied force induces 

extra stress within the structure, thus reducing the reliability of the device over time. 

Introducing the magnetic levitation system to the Thunder™ beam adds additional 

stiffness to the piezoelectric beam measured in Section 3.3. Therefore, the total 

effective stiffness of the piezoelectric beam is given by the following equation: 

magmeff KKK +=           6.15 

The magnetic stiffness (Kmag) acts as a variable spring whose stiffness depends on 

the initial axial gap as well as the change in the magnetic force over the separation 

distance.  
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6.9 Conclusions 

In this chapter, a non-contact based piezoelectric harvester using magnetic forces 

was presented. The design of the harvester was optimized using numerical analysis. In 

this design, the applied force on the piezoelectric element was produced by a magnetic 

levitation system without the need for direct physical contact. The magnetic force 

between two cuboidal magnets was calculated numerically and verified using a finite 

element methodology (Maxwell 3D). These results showed good agreement.  

An analytical method was used to analyse the forces between permanent magnets 

of various geometries. The impact of the magnet size and shape was studied and the 

results became a guideline that was used to design the piezoelectric harvester. For a 

given volume of cuboidal magnet, the maximum force was achieved when the aspect 

ratio was in the range between 0.3 and 0.6. The magnetic contact force was found to 

drop faster when the aspect ratio was higher than one. Moreover, at high aspect ratio, 

the magnetic force decreased faster in value as the distance between the two permanent 

magnets increased. Therefore, it was preferable to have a magnet with a low aspect 

ratio if a long axial gap was required. For a given value of a volume and aspect ratio, 

the cuboidal magnet generated 20 % higher contact force than the cylindrical magnet.  

Numerical calculations showed that the resonant frequency of the levitation 

system depended on the axial gap between the outer magnet and the middle one. 

Increasing the axial gap caused the system stiffness to reduce and thus the resonant 

frequency. The investigation of the effect of the applied harmonic force on the resonant 

frequency of the levitation system revealed that the system was nonlinear. Therefore, 

for a given axial gap an increase in the input excitation caused the resonant frequency 

to drop. For a given input force on a piezoelectric harvester that used a magnetic 

levitation system, the output power is predicted to increase as the axial gap got longer. 

As the axial gap increased, the stiffness of the system reduced allowing the middle 

magnet to travel a longer distance. This applied more force on the outer magnet and 

thus the piezoelectric element attached to it causing an increase in the output power. 

The effect of the axial gap on the output power of the harvester will be discussed in 

Chapter 7. 
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Chapter 7                                    

An experimental investigation of 

the non-contact piezoelectric 

harvester 

7.1 Introduction 

This chapter presents the experimental strategies that were carried out to verify 

the model developed in Chapter 6. The principle of the non-contact piezoelectric 

harvester is presented in Section 6.2. Section 7.2 presents the test setup that is used to 

measure the magnetic force between two cubical magnets. Section 7.3 presents the test 

setup that is carried out to examine the behaviour of the non-contact piezoelectric 

harvester. The experimental results are presented and compared to the analytical one in 

Section 7.4. In this section the damping and the stiffness of the harvester are analysed. 

This section presents the effect of the rotating speed and the load resistance on the 

output power. The experimental results of the output power are compared to the one 

obtained numerically. The numerical and experimental results provide a guidance to 

optimize the harvester which is used to harvest energy from rotational forces using 

magnetic forces.  

7.2 Test setup for measuring the magnetic forces 

Figure 3.13 shows the apparatus used to measure the relationship between the 

magnetic force and the magnetic spacing between two magnets in the z direction. In 
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this experiment, the two magnets share the same central line where the area of the first 

magnet overlaps perfectly with the face of the other magnet. The magnets are oriented 

to repel each other. The schematic diagram in Figure 7.1 shows that one of the magnets 

is connected to the bottom head, which is fixed, while the other one is placed on the top 

head, which has the ability to move up and down in the z direction. The top head is 

connected to a load cell. Moreover, the movement of the top head is controlled using 

Console software provided with the test machine. As the magnet attached to the top 

head moves down, the applied forces between the two magnets are measured using the 

calibrated load cell. Figure 7.3 shows a series of experimental measurements of the 

force plotted as a function of the separation distance between the two magnets. The 

dimensions of the magnets used are 14 mm ×  14 mm ×  5 mm.  

 

Figure 7.1 Schematic diagram of part of the experimental instrument that used to calculate the 

axial magnetic force 

7.3 Test setup for the non-contact piezoelectric harvester 

To determine the behaviour of the non-contact piezoelectric harvester under 

rotation and to measure its average output power, the final design presented in Section 

6.8 is mounted on the host of the rotating wheel designed in Section 5.2.2. A 

Thunder™ pre-stressed beam is used as a source to convert the kinetic energy into 

electrical energy due to its mechanical stability. After the non-contact piezoelectric 

harvester is assembled, the whole structure is screwed to the host as shown in Figure 

7.2. The distance between the Thunder™ beam where power is extracted and the centre 
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of rotation is 0.075 m. An experiment at different constant rotating speeds ranging from 

66.6 rpm to 266.6 rpm is performed to verify the theoretical prediction of the average 

output power and its dependency on the rotating speed. For this experiment, the initial 

axial gap between the outer and the middle magnet (do) is kept constant at a value of 

0.012 m. This gap value is the maximum that can be achieved experimentally due to the 

size of the testing wheel. Any further increase in the tube length causes a direct contact 

between the centre of the testing wheel and the tube when the latter is mounted using 

the CF method. Both outer magnets and the middle one have the same dimensions of 

0.015 m length, 0.015 m width and 0.005 m thickness. The mass of the each of the 

magnets in the experiment is 0.0083 kg. The tube had a diameter of 0.028 m. The 0.001 

m difference in diameter between the middle magnet carrier and tube is made to reduce 

the friction between them. The same experiment is repeated at different values of do 

ranging from 0.009 to 0.003 m in order to investigate the effect of the initial gap on the 

output power for a given rotating speed. The relationship between the output power and 

both the rotating speed and the do is recorded. Moreover, the output power as a function 

of the load resistance is recorded at different values of do. For this experiment, the load 

resistance varies from 100 Ω to 6 MΩ.  

 

Figure 7.2 The non-contact harvester mounted on the testing wheel 
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Another experiment is carried out to investigate the dependency of the levitation 

system resonant frequency on the travelling distance of the middle magnet as well as 

the initial distance between the outer and the middle magnet. The method by which the 

resonant frequency and the damping of the system are measured is introduced in this 

section. The method can be explained as follows, the middle magnet is moved to one 

end of the tube away from its equilibrium position at a step of 0.002 m. After that the 

middle magnet is released from that position and the attenuation plot of the system is 

recorded at each step and used to calculate both the damping ratio and the resonant 

frequency of the system using a curve fitting method. The generated curve can be 

expressed as equation 7.1. The same method is used under different values of the initial 

gap (do) ranging from 0.012 m to 0.003 m.  
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For both experiments, the harvester is mounted using the CF method where the 

centripetal force is the main source that forces the middle magnet to move from one 

end of the tube to the other end. Moreover, the same magnets are used in both 

experiments. The experimental results are limited to relatively low rotating frequency 

4.4 rps. This is due to the limitation of the practical experimental measurements.  

7.4 Experiment results and discussion 

In this section experimental results are compared to numerical ones obtained in 

the previous chapter. In Section 7.4.1 the forces between two cuboidal magnets are 

presented as a function of the separation distance. Section 7.4.2 presents the 

experimental and the numerical results of the relationship between the resonant 

frequency of the levitation system and the initial axial distance between the outer and 

the middle magnet. Moreover, the experimental results that present the resonant 

frequency of the levitation system as a function of the moving distance of the middle 

magnet are shown in Section 7.4.2. Section 7.4.3 presents the output power of the non-

contact harvester as a function of the rotating speed at different values of the initial 

axial gap between the outer and the middle magnet.  
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7.4.1 Magnetic forces 

The resulting force-displacement graph is compared to the results generated by 

the analytical calculations in Figure 7.3. The force is measured with an accuracy of 

±0.15 N and the displacement is measured with an accuracy of ±0.005 mm. The 

minimum distance between the two magnets, by which the force has been measured is 

0.1 mm. This is due to the fact that the two magnet surfaces are not 100 % parallel to 

each other. Reducing the distance to less than 0.1 mm, will cause part of the magnet 

surfaces to come in contact with each other and thus gives an incorrect force reading. 

 

Figure 7.3 Comparison between the experimental and calculated results between the magnetic 

force and the distance between the two magnets 

7.4.2 Resonant frequency and damping 

The damping and the resonant frequency of the non-contact piezoelectric 

harvester that uses magnetic levitation system to extract power from centripetal forces 

are measured using the methods explained in Section 7.3 and Section 3.4.4. The 

measurement carried out at different values of the rotating speed, ranging from 66.6 

rpm to 333.33 rpm, as well as at different values of the axial gap, ranging from 0.012 m 

to 0.003 m. These values are used in the numerical model presented in Section 6.7 to 

predict the output power. Both the rotating speed and the value of the axial gap affect 
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the damping and the stiffness of the magnetic levitation system as presented in Chapter 

6. This affects the amount of force applied on the Thunder™ beam and thus the values 

of its stiffness and damping. For a given axial gap (do), the method presented in Section 

7.3 is used to investigate the effect of the moving distance of the middle magnet on the 

total stiffness and damping of the non-contact harvester. Figure 7.4 shows the 

relationship between the normalized distance in the axial direction (x/do) and the 

normalized resonant frequency (fo(x)/fo(do)) at different values of the axial gaps, where 

oo dxd ≤≤27.0 . The experimental results agree with those obtained numerically as 

illustrated in Section 6.6. As can be seen, for a given initial axial gap, increasing the 

moving distance of the middle magnet causes the stiffness of the system to increase. 

The damping of the system reduces as the middle magnet moves closed to the outer 

magnets. When the normalized axial distance increased from 0.3 to 1, the damping 

reduced by 50 %, 65 % 71 % and 3 % at an initial axial gap of 0.012 m, 0.009 m, 0.007 

m and 0.003 m, respectively.   

 

Figure 7.4 Normalized resonant frequency (fo(x)/fo(do)) as function of the normalized distance 

(x/do) at different values of the axial gap do, experimental results.    

For a given rotating speed, the method presented in Section 3.4.4 is used to 

investigate the effect of the value of the initial axial gap (do) on the total stiffness and 

damping of the non-contact harvester. Figure 7.5 shows the effect of the initial axial 

gap (do) on the effective stiffness of the harvester. For a given rotating speed, the 

experimental results show that, as the axial gap increases, the effective stiffness of the 

harvester reduces until it reaches its minimum value at do equals to 0.005 m. After that 



 183 

any increase in the initial axial gap causes the harvester’s effective stiffness to increase. 

This is due to the fact that the effective stiffness of the non-contact harvester is affected 

by the stiffness of the magnetic levitation system as well as the stiffness of the 

Thunder™ beam. As the initial axial gap reduces from 0.012 m to 0.005 m, the 

stiffness of the levitation system increases; however, the stiffness of the Thunder™ 

beam reduces due to the reduction in the value of the beam’s curvature as explained 

and presented in Figure 3.12 (c). Therefore, the effective stiffness of the harvester 

reduces as the reduction in the Thunder™ beam stiffness is higher than the increase in 

the stiffness of the levitation system. Increasing the initial axial gap beyond this point 

(0.005 m) causes the Thunder™ beam to be flat. In this case, increasing both the 

rotating speed as well as the initial axial gap leads to an increase in the Thunder™ 

beam stiffness (Figure 3.17 (b)) and the stiffness of the magnetic levitation system. 

This causes the effective stiffness of the harvester to increase again as the initial axial 

gap increases. Therefore, the maximum power is expected to be generated when the 

effective stiffness of the harvester is at its minimum value. Both the damping and the 

stiffness of the harvester is recorded and used in the theoretical model to estimate the 

amount of the output power at different rotating speeds and initial axial gaps.     

 

Figure 7.5 Stiffness of the non-contact harvester as a function of the initial axial gap at three 

different rotating speeds 333.3 rpm, 266.6 rpm and 200 rpm. 
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7.4.3 Output power 

Figure 7.6 shows the average output power produced by one of the Thunder™ 

pre-stressed beams versus the load resistance. The maximum rotating speed by which 

the experimental results are obtained is 266.6 rpm. This figure shows a good agreement 

between the experimental and numerical results. The experimental results show the 

effect of using the levitation system on the average output power. Increasing the 

rotating speed resulted in an increase in the average output power. The maximum 

output power is obtained when the value of the load resistance equals 250 kΩ. The 

maximum measured values of the averaged output power produced by Thunder™ beam 

at 66, 133, 266 and 333 rpm are 1.9 ×  10-9, 1.3 ×  10-8, 1.4 ×  10-6 and 3.5 ×  10-6 W, 

respectively at the optimum load resistance. Figure 7.6 presents the expected output 

power when the rotating speed is as high as 333.3 rpm. The initial axial gap by which 

both the numerical and the experimental results are obtained is 0.005 m.  

 

Figure 7.6 Output power as a function of external resistance at different rotating speeds using 

the non-contact piezoelectric harvester which is mounted using the CF method, solid lines 

present the experimental results (exp.) and the symbols present the numerical data (num.)   
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The voltage drop across the optimum resistance of the Thunder™ beam for each 

value of do is measured and recorded at different rotating speeds. Figure 7.7 presents 

the effect of rotating speed (f) on the maximum average output power (P) across the 

optimum load resistance at different value of the axial gap (do). For a given axial gap, 

the average output power increases with an increase in the rotating speed. For a given 

axial gap (do), increasing the rotating speed forces the middle magnet to move closer to 

the outer magnets. This induces an extra force on the piezoelectric element and thus 

generates more output power. However, for a given rotating speed, the average output 

power increases as the axial gap increases until it reaches a certain value and then starts 

to drop. This is due to the fact that the total stiffness of the harvester depends on the 

value of the axial gap. The change in the total stiffness of the non-contact harvester will 

be examined in more detail in the next section.  

 

Figure 7.7 Numerical calculation of the output power as a function of the input frequency and 

do  

7.4.4 Optimization of the output power in geometries perspectives 

The total volume of the non-contact harvester consists of two main parts. The 

first one has a fixed volume and its value equals the sum of the two volumes of the 

bases, the volumes of the 3 magnets and the volumes of the two Thunder™ beams. The 
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two bases, each of which is located at one end of the tube, are used to hold the 

Thunder™ beams and the two outer magnets. The second part is the volume of the tube 

provided between the two outer magnets. This space ensures a free movement of the 

middle magnet carrier caused by the effect of the input force (Figure 7.8).  

 

Figure 7.8 Total volume of the non-contact harvester 

The height and the width of the Thunder™ beam put limitations on the minimum 

volume of the whole harvester. This means the minimum height of the harvester equals 

the height of the Thunder™ beam which is H = 0.026 m. The same thing is applied to 

the width of the harvester as the width of the Thunder™ beam equals W = 0.02 m. This 

is due to the fact that the volume of the Thunder™ beams is fixed. Therefore, the 

optimum output power as a function of the harvester’s volume can be only achieved by 

changing the length of the tube located between the two Thunder™ beams. The value 

of Lb is 0.0106 m, which consists of the thickness of the base (0.005 m), the height of 

the Thunder (0.0006 m) and the thickness of the magnet (0.005 m). The bases are 

screwed to the tube and one of them is used to screw the harvester onto the rotating 

wheel. The carrier of the middle magnet ensures that the three magnets share the same 

central line and they are oriented to repel each other. The tube has a cylindrical shape. 

Therefore both bases and the middle carrier have a disk shape all of which have a 

diameter equal to the length of the Thunder™. Therefore, for this configuration, the 

maximum length and width that can be used for the middle magnet are 0.015 m. The 

thickness of the magnet is kept within the recommended range of the aspect ratio as 

discussed in Section 6.4.2 and its value equals 0.005 m. A 0.0001 m difference between 

the diameter of the middle magnet carrier and the inner diameter of the tube is kept to 

reduce the amount of friction between them. 

The harvester is designed for a given value of the distance between the centre of 

rotation and the centre of the tube (R) as well as the maximum value of the rotational 
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speed (f). For a given rotating speed and R, the force generated by the magnetic 

levitation system on the each Thunder™ beam depends on the size of the magnets and 

the length of the tube. The maximum applied force on the Thunder™ beam must be 

equal to its yield value (Section 4.5.2). The criteria by which the harvester is designed 

for are: withstanding the maximum amount of input energy without breaking, 

occupying the minimum volume, having a low value of mass and generating the 

maximum output power. The optimum volume of the non-contact harvester is the one 

that generates the maximum output power for a given rotating speed. The harvester 

must be designed to withstand the applied force at the maximum rotating speed (f). At 

this rotating speed, the stiffness of the harvester should allow the middle magnet to 

achieve the maximum displacement inside the tube without creating any physical 

contact with the two outer magnets. The procedure of optimizing the size of the 

harvester starts with using a magnet with a volume equals to 0.015 m ×  0.015 m ×  

0.005 m. Then equation 6.1 is applied in order to obtain the value of the applied force 

due to the use of the magnetic levitation system on the Thunder™ beam at different 

values of the tube length. The applied magnetic force is then used in equation 3.40, 

which is solved numerically using a Runge-Kutta method. The same procedure is 

carried out at different values of the tube length, where the relationship between the 

output power and the tube length is obtained (Figure 7.7). Figure 7.9 show the output 

power at the optimum load resistance (200 kΩ) as a function of the rotating speed at 

different values of do. These data are obtained experimentally.  

 

Figure 7.9 Output power versus the rotating speed at different values of do   
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As is can be seen the maximum output power is achieved when the initial axial 

gap (do) equals 0.005 m. This means that the maximum available displacement for the 

middle magnet is 0.01 m. The maximum rotating speed that can be applied to this 

harvester is 25 Hz. This rotating speed is calculated theoretically when the harvester is 

mounted at a distance of 0.072 m from the centre of rotation. Any further increase in 

the rotating speed causes the middle and the outer magnet to come in contact with each 

other. Therefore, the volume of the non-contact harvester when R and the maximum 

value of  f equal to 0.072 m and 25 Hz, respectively is 4.9×10-4 m2 ×  0.0362 m. In 

order to compare the impact based piezoelectric harvester with this harvester, the 

theoretical calculation showed that magnets with dimensions equal to 7 m×7 m×3.5 m 

can be used when the maximum rotating speed is 15.55 Hz. Moreover, the model 

predicted that the maximum power is generated when the initial axial gap equals to 

0.0003 m. Therefore, the maximum volume of the harvester is 4.9 ×  10-4 m2 ×  0.021 

m.  

7.5 Conclusions 

The developed model that was used to predict the amount of power generated 

from rotational forces using the non-contact piezoelectric harvester was verified in this 

chapter. The performance of the harvester was tested and analysed. The harvester was 

attached to the testing wheel using the CF method through the host that kept it in a 

horizontal position during rotation. The distance between the Thunder™ pre-stressed 

beam, where the output power was collected, and the centre of rotation was 0.072 m. 

The magnetic force between the two cuboidal magnets that were used in the experiment 

was measured at different values of the axial gap between them. In this experiment, the 

two magnets shared the same central line and they were oriented to repel each other. 

The experimental results agreed with the numerical one. The behaviour of the non-

contact harvester was tested under different values of the rotating speeds ranging from 

1.1 rps to 5.5 rps as well as different values of the tube length. This included measuring 

the damping and the stiffness of the system and recording the generated output power. 

The values of the stiffness and the damping for a given tube length and a rotating speed 

were used in the theoretical model to predict the output power of the non-contact 

harvester. The experimental results revealed that the maximum power was generated 

when the initial axial gap between the middle and the outer magnet was at its optimum 

value which was approximately 0.005 m. For a given rotating speed, the effective 
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stiffness of the non-contact harvester reached its minimum value at that distance. If the 

distance was below this value, the magnetic force caused the Thunder™ beam to be flat 

and thus increasing its stiffness. Increasing the distance beyond 0.005 m reduced the 

initial applied force by the magnet on the Thunder™ beam and thus increased the value 

of its curvature. This increased the stiffness of the piezoelectric beam. 
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Chapter 8                    

Comparative study of the two 

piezoelectric harvesters 

8.1 Introduction 

This chapter is divided into two main sections. Section 8.2 outlines the 

differences between the impact based piezoelectric harvester and the non-contact one 

based on the amount of generated power for a given rotating speed. Both the limitations 

and the advantages of each method are highlighted and compared to each other. In 

Section 8.3 the possibility of using the two different types of piezoelectric harvesters 

inside a vehicle wheel is presented. The maximum rotating speed of the vehicle wheel 

is calculated and used to modify the dimensions of the piezoelectric harvesters located 

at the rim of the vehicle wheel. As the two harvesters extract power from the centripetal 

force, some modification on the vehicle wheel is needed to allow the harvesters to be 

mounted using the CF method. The predicted amount of power from the vehicle wheel 

is calculated from both harvesters.    

8.2 Comparison between the impact based and the non-contact 

piezoelectric harvesters  

In this research both harvesters extract power from the centripetal acceleration by 

mounting them using the CF method. In this method the harvesters are kept in a 

horizontal position during rotation. In order for this method to be implemented, the 

rotating object must be modified mechanically. Both harvesters are easy to assemble 
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and mount on the rotating object. Both the theoretical and the experimental results 

show that a harvester that uses Thunder™ beam on its own generates less power than 

the one that uses a ball bearing as a mass or magnetic levitation system. The harvester 

that uses only Thunder™ beam to extract power from rotation when it is mounted using 

the CF method generates an output power ranging from 3.5 ×  10-10 W to 7 ×  10-8 W 

when the rotating speed changes from 200 rpm to 400 rpm.   

In the impact based piezoelectric harvester, the ball bearing causes an impact on 

the Thunder™ beam due to the effect of the centripetal force and thus power will be 

extracted. The output power in this harvester is proportional to the square value of the 

available displacement of the ball bearing inside the tube and it has a cubic relationship 

with the rotating speed. However, the maximum speed should not exceed the critical 

value at which the applied force on the piezoelectric element is at its yield value. In 

order to compare the two piezoelectric harvesters in terms of the generated output 

power, the minimum volume provided due to the size of the Thunder™ beam is used. 

This volume determines the diameter of the ball bearing (0.015 m) in case of the impact 

based harvester and the magnet size (0.015 m ×  0.015 m ×  0.005 m) in the case of the 

non-contact harvester. The experimental results of the output power of the two 

harvesters are compared whilst maintaining the length of the tube at 0.01 m. The 

generated output power from the impact based harvester ranges from 10-5 W to 2 ×  10-4 

W when the rotating speed changes from 200 rpm to 400 rpm. For the same rotating 

speeds, the output power of the non-contact harvester ranged from 1.3 ×  10-8 W to 6 ×  

10-6 W. For the non-contact harvester, the maximum applied rotating speed before the 

middle and the outer magnets come in contact with each other is 1500 rpm. For the 

impact based harvester, the maximum applied rotating speed is 540 rpm. Beyond this 

speed, the impact force will exceed its yield value causing damage to the Thunder™ 

beam. Both the size of the ball bearing and the length of the tube can be modified in 

order for the harvester to withstand the maximum rotating speed. One of the 

disadvantages of the impact based harvester is that there is no mechanical mechanism 

to protect the piezoelectric element from the impact force generated when the rotating 

speed exceeded the one that the harvester is designed at. This means this harvester is 

more suitable for applications where the rotating speed does not exceed its maximum 

value. Another disadvantage of the impact based harvester is the noise generated due to 

the physical contact between the mass and the piezoelectric elements. The non-contact 

piezoelectric harvester does not suffer from noise because there are no physical contact 
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between the middle and the outer magnet. Moreover, this harvester has a mechanical 

stop mechanism to prevent any contact between the magnets. This is introduced by the 

ring of the middle magnet carrier. When the maximum rotating speed, by which the 

harvester is designed at, is applied the ring will come into contact with the bases that 

carry the Thunder™ beam and thus protect the piezoelectric beam from direct impact. 

The same thing happens when the rotating speed exceeds its maximum value. 

However, for a given rotating speed, the non-contact harvester produces less power 

than the impact based harvester.           

8.3  Harvesting energy from the tyre environment 

The size of the vehicle wheel depends on the vehicle type and brand. The 

dimension of the tyre and the rim are printed on the tyre as following (X)/(Y)/R (Z) 

where X, Y and Z refer to the width of the tyre in mm, the height of the tyre as a 

percentage of the width and the rim diameter in inches respectively. The rim size can 

vary from 13 inches to 27 inches and more. For example, a vehicle tyre with 

175/50R13 means: 

• The width of the tyre is 175 mm 

• The tyre height is 50 % of 175 mm = 87.5 mm 

• The rim diameter is 13 inches = 33 cm. Therefore, the rolling radius for 

the vehicle is: 33/2 + 8.75 = 25.25 cm.  

For this vehicle the value of the rotating speed in hertz (f) is 0.28 of the vehicle 

linear velocity given in mph. A range of national speed limits are set for general use 

across the UK. These speed limits vary according to the type of the road and location. 

The maximum national speed limit on the motorway is 70 mph (19.6 rps). Practically, 

the maximum speed can be exceeded, especially on the motorway, up to 90 mph (25 

rps) or more. Therefore, the harvester should be able to generate enough power at low 

speed and withstand the applied forces at high speeds. 

This research proves the concept of generating power from rotating objects. 

Prototypes of both an impact based harvester and a non-contact piezoelectric harvester 

are produced and tested in the laboratory. The method by which the harvesters are kept 

in a horizontal position due to rotation is demonstrated in this work. As the harvesters 

are kept in a horizontal position, the centripetal acceleration becomes the main cause of 

generating power. In this method, the higher the rotating speed, the more power can be 
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extracted from both types of harvesters. To date, the performance of the harvesters that 

have been presented in the literature and designed to harvest energy from the tyres is 

limited at high speed. This is due to the effect of the centripetal force. The limitation of 

keeping the harvester in a horizontal position during rotation is that a mechanical 

support is needed. To implement this method on a vehicle wheel requires a mechanical 

modification to be applied to the wheel. One way that the manufacturer can consider as 

a method of mounting the harvesters on the tyre is the model presented in this work.   

If the impact based harvester with a ball bearing diameter equals to 0.015 m and a 

tube length equals to zero is mounted at the edge of the vehicle wheel rim (175/50R13) 

using the CF method, the maximum rotating speed that can be applied is 14.5 rps. This 

means the linear speed of this vehicle is 51.7 mph. It is found theoretically that an 

impact based harvester with a mass diameter of 0.0045 m and tube length of zero has 

the ability to withstand a maximum linear speed of 70 mph. The output power of this 

harvester ranged from 3 µW to 150 µW when the speed changed from 30 mph to 70 

mph. If the non-contact piezoelectric harvester with a magnet dimensions equal to 

0.015 m ×  0.015 m ×  0.005 m and tube length equals to 0.01 m is mounted at the edge 

of the vehicle wheel rim (175/50R13) using the CF method, the maximum rotating 

speed that brings the outer and the middle magnets together will be 16 rps. This 

happens at a linear speed of 57 mph. For a non-contact harvester with magnet 

dimensions of 0.025 m ×  0.025 m ×  0.012 m and a tube length of 0.045 m, the vehicle 

linear speed by which the contact force starts to form between the outer and the middle 

magnet equals to 70 mph. Theoretically, the output power of this harvester ranged from 

3.56 ×  10-5 W to 14 mW when the linear speed changed from 30 mph to 70 mph. For 

this configuration, when the middle and one of the outer magnets come in contact with 

each other at a rotating speed of 70 mph, the applied force on the piezoelectric beam is 

more than 3 times its value at yield. This problem can be solved by reducing the length 

of the tube which allows a further reduction in the size of the magnets. In this case, 

magnets with dimensions equal to 0.015 m ×  0.015 m ×  0.005 m can be used with an 

initial axial gap of 0.004 m. Therefore, the piezoelectric device will be at yield when 

the middle magnet comes in contact with one of the outer magnets; however, the output 

power at 70 mph has been reduced to a few tens of microwatts.        
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8.4 Conclusions  

In conclusion, the impact based harvester generated more output power than the 

non-contact harvester for a given rotating speed. The non-contact harvester had an 

advantage over the impact based harvester in terms of a direct physical contact was not 

needed to apply force on the piezoelectric element. In the non-contact harvester, the 

mechanical stopping mechanism protected the piezoelectric elements from an impact 

force when the rotating speed exceeded its maximum value for which the harvester was 

designed.  
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Chapter 9                     

Conclusions and future work 

9.1 Summary of achievement 

In Section 1.1 the aims of the research were presented. The main focus of this 

work was directed towards designing suitable piezoelectric harvester that uses 

Thunder™ pre-stressed beam for the application of harvesting energy from the 

rotational forces in general and the centripetal force in particular. This was achieved 

and the following areas were investigated in detail: 

• Demonstrating the possibility of harvesting electrical energy form 

the centripetal force.  

• Designing an impact based piezoelectric harvester as well as non-

contact piezoelectric harvester both of which use Thunder™ beam 

as a source of converting kinetic energy into electrical one.   

• Modelling of Thunder™ beam and measuring its characteristics 

under impact force. 

• Modelling of Thunder™ beam and measuring its characteristics 

under magnetic force. 

• Testing both the impact based piezoelectric harvester and the non-

contact piezoelectric harvester and optimizing their dimensions for 

the maximum amount of power at the maximum value of the 

applied rotating force. 

The main results and conclusions were summarized in the following sections.  
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9.2 Summary of work 

This research, which focused on designing piezoelectric harvesters that uses 

Thunder™ pre-stressed beam to harvest energy from centripetal force, was divided into 

four main parts. In the first part, the concept of generating power from centripetal force, 

when the harvester was mounted at a certain distance from the centre of rotation was 

investigated. In the second part, the behaviour of the Thunder™ pre-stressed beam 

under compression force and impact force was analysed. In the third part, both impact 

based piezoelectric harvester and non-contact piezoelectric harvester were designed and 

modelled under the effect of the centripetal force. In the fourth part, the performance of 

the developed harvesters was tested and their dimensions were optimized.  

9.2.1 Using rotational forces to generate output power 

The literature review, which was presented in Chapter 2, introduced three 

different transduction mechanisms that have commonly been used to convert kinetic 

energy into electrical energy, such as electrostatic, electromagnetic and piezoelectric. A 

variety of studies regarding these mechanisms were analysed and summarized. The 

theory behind rotation based harvesters was presented. In this project, rotation was 

considered to be the main source for harvesting energy. An impact based piezoelectric 

harvester was used to extract the energy provided by rotational forces and convert it 

into electrical power. A piezoelectric transducer was chosen over both electromagnetic 

and electrostatic harvesters because these technologies require two part designs making 

these technologies more complex and expensive in comparison with the piezoelectric 

technology. It has been proven in the literature that if the input acceleration is higher 

that the mass displacement of the harvester, a non-resonant system is an alternative 

method to convert mechanical input to electrical input. Therefore, an impact based 

piezoelectric harvester was used in this thesis to extract power from rotation. A rotating 

object provides two rotating forces, i.e. tangential and centripetal when the wheel is 

rotating in non-uniform circular motion, and only centripetal force under uniform 

circular motion. Due to these forces the developed stress and strain in the piezoelectric 

material can be converted into useful energy. However, there is more applied force 

available by the centripetal acceleration than the tangential acceleration on an object 

located on a rotating object. Therefore, this force was chosen to be the main source of 

the generated electrical energy in this project. Moreover, the centripetal force is 
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proportional to the distance between the centre of rotation and the object. Therefore, the 

piezoelectric transducer must be mounted as far as possible from the centre of rotation 

to generate the maximum amount of power. In addition this force is proportional to the 

square of the rotating speed. This present work introduced a new method to generate 

power from rotating objects using a piezoelectric harvester. It involved using 

centripetal force to generate an impact or compression force on the piezoelectric 

structure. Thunder™ pre-stressed piezoelectric beams were used because they provided 

higher mechanical stability and output power compared to unstressed beams with the 

same volume. The harvester was designed to be mounted at a certain distance from the 

centre of rotation. Chapter 2 presented some attempts that were carried out to generate 

power from rotation using electromagnetic harvesters. These harvesters were attached 

to the centre of the rotating object. However, when these harvesters were mounted at a 

certain distance from the centre of rotation, the output power reduced due to the effect 

of the centripetal force. Rolling vehicle tyres is one of the applications that can be used 

to harvest energy from rotation and it was used as the main application in this project. 

Several papers described the importance of checking vehicle tyre pressure and outlined 

different methods to measure it. There is not only an economic benefit from keeping 

the tyre at the correct air pressure, i.e. increasing the lifetime of the tyre and reducing 

the fuel consumption, but there is also a safety issue. TPMS is one of different 

techniques that have been used to inform the driver with the pressure reading in the 

vehicles tyres. In this technique, the sensors implemented inside the vehicle tyre send 

the reading directly to the driver using RF signals. Current TPMS sensors are powered 

by 3 V lithium batteries. In order to increase the lifetime of the wireless sensors, 

batteries can be replaced by energy harvesters. The harvester is fitted on the vehicle 

rim, which has the advantage to be mounted directly to the TPMS. All methods which 

were presented in Chapter 2 and used to generate power from a vehicle wheel depended 

on generating power from the contact zone between the tyre and the road. The 

maximum output power that was measured using this method was 80 µW at 80 km/h. 

These harvesters were mounted at the inner side of the tyre. In this project, centripetal 

force was used to generate an output power. This means that the vehicle wheel can 

generate electrical energy without the need for a contact zone. The developed 

harvesters in this project were designed to be mounted at the rim of the vehicle wheel.  
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9.2.2 Modelling of pre-stressed piezoelectric beam  

This part of the research focused on analysing the performance of the Thunder™ 

pre-stressed piezoelectric beam when it is used as the main source to extract power 

from two types of harvesters; impulse based piezoelectric harvester and non-contact 

piezoelectric harvester. The Thunder™ beam consists of different materials each of 

which has its own thermal expansion coefficient. This causes a curvature to appear 

during the manufacturing of the Thunder™ beam. Due to that, the maximum deflection 

was found to be in the middle of the Thunder™ beam and the dome height was found 

to be 0.6 mm. Thus, the maximum applied load that causes the beam to be flat was 35.9 

N. Finite element analysis using ANSYS was used to demonstrate the effect of the 

clamping method on the amount of stress developed in the clam area as well as the 

amount of the output power. It was found that maximum power was generated when 

the beam was mounted as a cantilever followed by a simply supported structure which 

was followed by a rigidly supported on both ends. For a given input force, the 

maximum developed stress in the clamped area was found to be when the beam was 

mounted as a cantilever followed by a rigidly supported on both ends which were 

followed by a simply supported structure. As the way that the pre-stressed beam was 

mounted affects the output power, Thunder™ pre-stressed beam was simply supported 

in both impact based and non-contact harvesters. The mechanical damping and the 

stiffness of the pre-stressed beam varied due to the applied force and thus its resonant 

frequency and the electrical damping (optimum load resistance). Therefore, both the 

stiffness and damping of the Thunder™ structure were measured and used in the 

general model of the piezoelectric harvester to predict the output power for a given 

input force and load resistance.       

9.2.3 Generating electrical power from impact based piezoelectric harvester  

This part of the thesis focused on designing, building, modelling, testing and 

optimizing an impact based piezoelectric harvester that used a Thunder™ pre-stressed 

beam as the main conversion source from mechanical to electrical energy. For 

harvesting energy from vibration, piezoelectric beams have been designed in the 

literature such that their resonant frequency matches the resonant system of the 

surrounding environment to maximize the output power. For a rotating object 

application, the centripetal acceleration corresponding to the rotation is greater than the 
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available mass displacement. Therefore designing an efficient resonant piezoelectric 

harvester is not sufficient. An alternative solution to this problem was achieved by 

using the centripetal force to generate an impact force on the piezoelectric elements. 

The impact based harvester that was designed in this project consisted of a ball bearing 

moving freely inside a tube and two piezoelectric pre-stressed beams each of which 

was located at one end of the tube to transform the impact energy into electric energy. 

The deflection of the piezoelectric element due to the impact of the mass generated a 

current flowing into the resistive load connected to the piezoelectric pre-stressed 

beams. In this case, the motion of the mass was damped and the power was dissipated 

into the load.  

9.2.3.1 Modelling of the pre-stressed piezoelectric beam under impact 

In Chapter 4, the model of the impact based piezoelectric harvester was discussed 

in detail. In order to convert the rotational energy into electrical energy, two different 

methods were used to mount the impact based piezoelectric harvester on a rotating 

object. The first method was using gravitational force as the main force that caused the 

ball bearing to move from one side of the tube to the other side (GF). In the second 

method, the centripetal force was the acting force that caused the mass to move from 

one side of the tube to the other (CF). The theoretical analysis showed that using the 

GF method was limited. This was due to the fact that, the ball bearing stuck to one end 

of the tube when the rotating speed reached its critical value (3 rps) due to the effect of 

the centripetal force. The critical rotating speed was found to be inversely proportional 

to the square root of the length of the tube. In addition this speed did not depend on the 

distance between the centre of rotation and the harvester. In the CF, the harvester was 

kept in a horizontal position during rotation. Therefore, the effect of the centripetal 

force on both the piezoelectric element and the ball bearing was considered to be 

sinusoidal. The theoretical analysis predicted that, for a given rotating speed, the power 

level from the piezoelectric harvester which had been mounted using the CF method 

was much higher than the one which used the GF method. Moreover, in the CF method, 

the output power had a cubic relationship with the rotating speed. Therefore, this way 

of mounting the harvester was used as the only method to design, model and test both 

the impact based harvester and the non-contact piezoelectric harvester. The key 

parameters of the model were the value of the mass, internal displacement of the mass 

and the value of the load resistor. It was found that the output power was directly 

proportional to the mass of the ball bearing. The results, from finite element analysis 
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using the ANSYS software, showed that stress in the axial, lateral directions as well as 

shear stress were generated in the Thunder™ structure due to the impulse force applied 

to the middle of the curved beam. This simulated result showed that the maximum 

stresses in the axial and lateral directions were developed in the middle of the pre-

stressed beam due to the impact force. However, the maximum shear stress was 

generated when the piezoelectric material came in contact with the stainless steel 

substrate. Analytical calculations showed that the maximum impact force that the 

piezoelectric structure can tolerate before a plastic deformation started to form 

underneath the surface of the structure was 63 N. The developed model of the impact 

based piezoelectric harvester (Chapter 4) was used to calculate the speed at which the 

ball bearing hit the piezoelectric structure due to the effect of the rotating speed. By 

knowing the velocity at impact both the applied force and the generated output power 

were calculated numerically. The numerical model was used to analyse the collision 

between the ball bearing and the piezoelectric structure, clarify the relationship 

between the input mechanical impact and the electric output power and simulate the 

behaviour of the piezoelectric pre-stressed beam after impact. It had been shown 

theoretically that only some of the initial kinetic energy of the impact was absorbed. 

The percentage of the absorbed energy was calculated at different rotating speeds. 

Some of this energy was stored as strain energy. This energy was used to drive the 

contact points apart during the restitution phase. However, some of the absorbed energy 

was lost due to converting some of the mechanical energy into electrical energy, plastic 

deformation, sound and heat.  

9.2.3.2 Evaluation, optimization and performance of the impact based 

piezoelectric harvester 

The prototype of the impact based piezoelectric harvester was tested to compare 

the experimental results to those obtained theoretically. In order to carry out the 

experiment, the rotating disk was designed. The Crozet motor was used to drive the 

rotating wheel and the Crozet software was used to control the speed of the motor. The 

maximum rotating speed that the wheel can achieve was 24 rps. The resonant 

frequency of the Thunder™ pre-stressed beam was measured along with its optimum 

load resistance at different values of the impact force obtained at different rotating 

speed. The results from the model were compared to the experimental results to analyse 

the characteristics of the harvester and verify the accuracy of the model. Both 

experimental and numerical simulation results agreed that multiple impacts occur 
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between the mass and the piezoelectric beams located at each side of the tube. 

Experimental results showed that the impact based harvester produced an average 

output power in the range of 15 µW to 2 mW when the rotating speed changed from 

200 rpm to 800 rpm. These experimental results were obtained when the harvester was 

mounted using the CF method. Using the GF method, the experimental results showed 

that the ball bearing stuck to one end of the tube when the rotating speed reached a 

value of 3 rps.  

9.2.4 Generating electrical power from non-contact piezoelectric harvester  

This part of the thesis focused on designing, building, modelling, testing and 

optimizing a non-contact piezoelectric harvester that used Thunder™ pre-stressed beam 

as the main conversion source from mechanical to electrical energy. In this harvester, a 

magnetic levitation system was used to initiate compression force on the piezoelectric 

elements due to the effect of the centripetal force. The two outer magnets, which were 

attached to the piezoelectric structures, each of which located at one end of the tube, 

were oriented to repel the central magnet and thus suspending the central magnet with 

restoring force. Due to the effect of the centripetal force, the central magnet moved 

within the given space between the outer magnets. The moving distance depended on 

the applied force as well as the restoring force. The change in the distance between 

each of the outer magnets and the central one led to a change in the axial load on the 

piezoelectric structure. This caused an output power to be dissipated into the load 

resistance.  

9.2.4.1 Modelling of the pre-stressed piezoelectric beam under magnetic 

forces 

In Chapter 6, the non-contact piezoelectric model was developed and used to 

analyse the behaviour of the harvester when it was mounted on a rotating object using 

the CF method. The magnetic force between the two magnets was calculated 

numerically and verified using the FEM method. These results showed a good 

agreement. The design of the harvester was optimized using numerical analysis. An 

analytical method was used to analyse the forces between permanent magnets of 

various geometries. The effect of the magnet size and shape was studied and the results 

become a guideline that was used to design and optimize the non-contact piezoelectric 

harvester. For a given value of the magnet volume and its aspect ratio, the cuboidal 
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magnet generated 20 % higher contact force than the cylindrical magnet. Moreover, for 

a given volume of the cuboidal magnets, the maximum force was achieved when the 

aspect ratio was in the range between 0.3 and 0.6. At a high aspect ratio, greater than 

unity, the value of the magnetic force dropped quickly as the distance between the two 

permanent magnets increased. Therefore, it was preferable to use magnets with low 

aspect ratio if a long axial gap was required. The results from the developed model of 

the non-contact harvester showed that the resonant frequency of the levitation system 

depended on the axial gap between the outer magnet and the middle one. Increasing the 

axial gap caused the system stiffness to reduce and thus the resonant frequency. The 

behaviour of this system was nonlinear. Therefore, for a given axial gap, an increase in 

the rotating speed caused the resonant frequency to drop. For a given value of the 

rotating speed, the output power of the non-contact harvester increased, as the axial gap 

got longer. This can be explained as follows: as the axial gap increased, the stiffness of 

the system reduced allowing the middle magnet to travel longer distance. This applied 

more force on the outer magnet and thus the piezoelectric element attached to it causing 

an increase in the output power. 

9.2.4.2 Evaluation, optimization and performance of the non-contact 

piezoelectric harvester 

The prototype of the non-contact based piezoelectric harvester was used and 

tested in Chapter 7 to compare the experimental results to the one obtained 

theoretically. The forces generated between two cuboidal magnets were measured at 

different separation distances. A good agreement between the experimental 

measurement and the analytical calculation was obtained. The initial gap between the 

outer and the middle magnets was adjusted in order to investigate the effect this gap 

had on the output power and the value of the optimum load resistance. This was 

obtained for a given rotating speed. Moreover, for a given axial gap, the effect of the 

rotating speed on the output power was investigated and the value of the optimum load 

resistance was measured. Both the stiffness and the damping of the Thunder™ 

piezoelectric beam were measured at different rotating speed for a given axial gap. In 

addition, for a given rotating speed the stiffness and the damping of the Thunder™ was 

measured at different values of the axial gap.     



 203 

9.3 Future work 

The research objectives that were presented in Section 1.1 were achieved in this 

thesis. This section discusses briefly some other potential areas of work that could be 

done as future work. Some of these potential research areas are as follows:   

9.3.1 Testing the performance of the piezoelectric harvesters when it is 

connected to the TPMS inside the vehicle tyre  

The output power from the piezoelectric harvesters needs to be managed and 

stored before it is connected to any sensors including TPMS. Connecting the harvesters 

presented in Section 8.3 to the TPMS mounted on the rim of the vehicle wheel can be 

done as a future work. The performance of the harvester can be tested and analysed. 

The effect of the temperature on the performance of the piezoelectric harvesters can be 

investigated [85]. This is due to the fact that for this application, the piezoelectric 

harvesters must survive a change in the temperature inside the tyre environment 

ranging from -20 to 200 oC. Mechanical stability and the lifetime of the piezoelectric 

harvester are other issues that need to be investigated [86]. Applying dynamic 

compressive stress at a high temperature, results in further reduction in the performance 

of the piezoelectric beam. The temperature inside the tyre is fixed as well as the 

number of stress cycles due to driving time and speed. Therefore, the only factor that 

can be reduced in order to increase the lifetime of the beam in case of using the impact 

based harvester is the amplitude of the applied dynamic stress. This can be achieved by 

increasing the contact area between the mass and the piezoelectric beam. However, 

using a different shape than a ball bearing increases the friction between the mass and 

the frame. Other methods could involve coating the piezoelectric beam with a 

protective rubbery layer to reduce the effect of the physical contact between the ball 

bearing and the piezoelectric beam.  
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Appendix A  Analysing centripetal 

acceleration 

In this appendix, the effect of the centripetal force on a piezoelectric transducer 

mounted at different point of the frame is analyzed. The effect of centripetal force at 3 

different points in the frame will be illustrated. The first point is the middle of the 

frame, where the generator is screwed to the rotating wheel, and the other two points 

are the both ends of the frame. Only the component of the centripetal force which is 

acting in the direction of the free movement of the ball bearing is taken into account.  

 

Figure A.1 Path created by middle of the frame 

Firstly, the effect of Fce(x) on the middle of the frame will be analyzed. At this 

point the direction of the centripetal force is perpendicular to the free movement 

direction. Figure A.1 shows the path that this point creates when it has been kept in a 

horizontal position around the centre of rotation. The following equation presents the 

magnitude of the applied force that an object located on this point is subjected to:  
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where R1 is the distance between the centre of rotation and the point located in 

the middle of the frame. The magnitude of R1 is constant while the point is rotating. θ is 

the angle between the direction of the centripetal force and the vector perpendicular to 

the free movement of the ball bearing. This angle can be obtained by the following 

equation:  
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Equation A.1 shows that the magnitude of Fce(x) is proportional to the distance 

between the centre point of the frame and the centre of rotation. Moreover, this applied 

force is proportional to the square of the rotating speed. Figure A.2 shows the path that 

a point located at the left end side of the frame traces when it has been kept in a 

horizontal position around the centre of rotation. The path is a circular one. However, 

its centre has been shifted to the left by half the length of the frame. Therefore, the 

distance between the centre of rotation and each point on the path (r) varies during 

rotation from its minimum value of R1 - L/2 to its maximum value of R1 +  L/2. 
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Figure A.2 Path created by the left end of the frame 

The following equation presents the magnitude of the applied force that an object 

located on a left side hand of the centre of the frame at a distance of L/2 would be 

subjected to:  
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where r is the distance between the centre of rotation and the object. θ ′  is the 

angle between the direction of the centripetal force and the vector perpendicular to the 

free movement of the ball bearing. This angle can be obtained by the following 

equation:  
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In order to find the relationship between FceL(x) and Fce(x) equation A.3 will be 

rewritten in terms of R1 and θ as follows:  
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From the previous set of equations (A.5), the value of r can be achieved using the 

following equating: 
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Substitute equation A.6 in equation A.3 gives the following equation: 
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Using the same method presented previously, the magnitude of the applied force 

on an object located at a distance equals to L/2 from the centre of the frame is presented 

in equation A.8.  
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Appendix B  Crouzet software  
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