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Abstract 

As more and more small electronic equipment enters people's lives, the power supply 

demand for these small electronic devices is also increasing. For small electronic devices, 

batteries are usually used for power supply, but for remote areas, frequently changing 

batteries is a complex job. Energy harvesting is a good way to solve this problem, such as 

photovoltaic batteries. Piezoelectric energy harvesting, as a method of energy harvesting, can 

generate unconventional clean energy through mechanical vibrations present in the 

environment. Due to the advantages of simplicity in structure, and low manufacturing and 

maintenance costs, piezoelectric energy harvesting holds great potential, especially for 

developing countries. 

Firstly, the thesis summarizes and analyses various types of existing piezoelectric energy 

harvester designs, identifying their shortcomings and potential areas for development. This 

provides a theoretical foundation for future research. Secondly, a novel galloping 

piezoelectric energy harvesting design, "a reverse C shape with a tail design," is proposed. 

Experimental and simulation analysis in a wind tunnel demonstrates that this design achieves 

a 25-fold increase in power output compared to existing designs at a wind speed of 5m/s. 

Furthermore, at a wind speed of 7m/s, the power output reaches 2.15mW, which can 

effectively meet the daily power requirements of specific electronic devices, such as hearing 

aids. In addition, this thesis also studied each parameter of the design, such as the length of 

the tail, the thickness of the "C shape", the selection of the cantilever beam, etc., which 

determine the impact of each parameter on the power output. The end of this thesis provides 

theoretical support through simulation studies, and suggestions for future research are 

provided. 

Overall, this thesis provides a new design for piezoelectric energy harvesters and also provides 

a broader perspective and theoretical support for the future development of this type of 

energy harvester.   
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CHAPTER 1. INTRODUCTION 

1.1 Thesis Overview 

With the development of technology, more and more electronic devices appear in people's 

lives. The power supply problem of these devices has also become a field that needs to be 

studied, especially for some electronic devices in remote areas. Piezoelectric energy 

harvesters are expected to harvest energy from the wind and supply it to small electronic 

devices. In the current research, further improving the energy conversion efficiency of 

harvesters has become a popular topic. This thesis will try to propose a novel piezoelectric 

energy harvester that vibrates in the galloping mode in order to improve the energy 

conversion efficiency and provide power for small electronic devices. 

This thesis is divided into seven chapters, in the introduction section, it will start from the 

current background, identify the current problems, introduce different energy harvesting 

methods, and introduce the vibration energy in nature. Chapter two will review the literature, 

compare and determine the advantages and limitations of different types of vibration energy 

harvesters, and introduce how piezoelectric energy harvesters work. In addition, it will also 

review and classify the four primary vibrations used in piezoelectric energy harvesters, in 

order to be able to compare and analyse the differences between them. In chapter three, it 

will begin to introduce the prototype of the novel piezoelectric energy harvester designed, 

and also introduce various equipment that will be used in subsequent experiments. At the 

end of this chapter, the model will be initially simulated and verified before the experiment 

begins. 

Chapter four mainly focuses on the experimental verification of the model. Through 

experiments, in addition to verifying the effectiveness of the model, the experimental study 

of various parameters of the model will also be conducted, such as the influence of the front-

end curved body thickness on the performance of the model, etc. The simulation study will 

be used in chapter five to study the model. By simulating the study, the flow of the fluid 

around the model will be determined, in order to analyse the principle of the model's 

vibration. The simulation results and experimental results will be compared in chapter six to 

analyse the differences between the two results, providing ideas and inspiration for design in 
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real-world applications. Finally, chapter seven will summarize the main findings of this thesis 

and make suggestions for future work. 

1.2 Power Supply 

With the development of science and technology in recent years, people's demand for various 

electronic devices has become increasingly extensive. Electronic device provides information 

and services for people and is everywhere in people's lives. The need for multiple types of 

mobile devices used in daily communication, sensor devices used to provide information, and 

intelligent devices used for supporting work is still increasing [1]. At present, electronic 

devices are becoming lighter and miniaturized in size, such as microelectromechanical 

systems. Microelectromechanical systems (MEMs) are high-tech devices with a few 

millimetres or smaller dimensions. MEMs are Miniature devices or systems which combine 

Micro-sensor, micromechanical structures, micro-power sources, signal processing, control 

circuits, high-performance integrated electronic device, interface, and communication parts. 

Because of their small physical size, MEMs are widely used in different fields [2]. There already 

has many MEMs applications for the human body, as shown in Figure 1.1. Moreover, it also 

has many other applications. For example, it could accurately measure stability for building 

[3], deliver drugs inside a living organism safely [4], eliminate additional noise from the signal 

[5], monitor body movements by biomedical sensors [6],etc. As a result, these devices occupy 

a high proportion of people's lives. However, since MEMs are usually embedded in the 

structure, they mainly rely on batteries for power supply, and almost all devices require 

frequent charging or replacing batteries.  

The battery could convert electric energy and chemical energy, and store converted energy. 

Although the efficiency and performance of the battery have been developed year by year, 

there are still some limitations. First, because of its finite electricity storage and shelf life, it 

must be frequently replaced. In some remote areas, that will be costly and complicated work. 

Moreover, even for a rechargeable battery, repeated charging is not only a tedious task, but 

the number of times the battery is charged and discharged is inversely proportional to the 

efficiency of the battery. 
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Figure 1.1 - MEMs Applications for the Human Body [7]. 

Also, to increase the capacity of the battery, the volume of the battery will also increase, and 

the bulky battery is obviously not the best choice for micro-electro-mechanical systems and 

portable devices. In addition, if the battery is used outdoors, it must cover the surface with a 

coating or protective cover to protect it from natural erosion, increasing the battery's 

installation cost and maintenance cost. Finally, because different types of batteries contain 

various chemicals, they are particularly susceptible to damage when subjected to external 

forces, and leaked chemicals may damage devices, operators, or the natural world [8]. 

Therefore, it is crucial to find a stable alternative energy supply. 

1.3 Energy Harvesting 

Due to the demand for energy supply for devices, in recent years, energy harvesting has 

attracted people's attention, and it has become a promising solution for small power devices 

by obtaining ambient energy. Energy harvesting is the process of capturing energy from the 

ambient and then converting it to electricity or other suitable forms of energy to support 

power to other equipment or batteries. Some large-scale energy harvesting technologies 

have matured and are widely used, such as wind farms, hydropower plants and solar battery 

arrays. 

These energy harvesting methods usually power the grid. Nowadays, micro energy harvesting 

gradually focuses, which is not a new concept. As the power consumption of the sensor and 

other devices has decreased, the system energy consumption and energy acquisition 
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gradually become balanced, and micro energy harvesting will become a potential technology. 

In general, the power generated by micro energy harvesting is usually between 10-100s of 

Microwatts and the overall size of micro energy harvester is generally in millimetres or 

centimetre levels. In summary, micro energy harvesters have better adaptability to MEMS or 

portable equipment.  

So that energy harvesting may become a practical approach to solving battery shortcomings. 

Using energy harvesting to power the battery ensures that batteries do not need to be 

changed frequently, even in remote locations. Also, energy harvesting could become the main 

power supply for the devices if it has a higher efficiency of harvesting [2],[3]. 

In general, the benefits of energy harvesting are as follows. First, energy harvesting has a 

high degree of flexibility, especially for devices that cannot use an external power supply. 

The energy harvesting device can be placed inside the device for power supply. In addition, 

maintenance costs are significantly reduced due to the endurance of the energy harvesting 

device. And because the energy source comes from the natural environment, no chemical 

treatment is required, and no chemical reaction is involved, the energy collection 

equipment is safer. Figure 1.2 indicates the various energy harvesting sources from the 

ambient, including solar radiation, water flow, wind, radio waves, mechanical vibration, etc. 

 

Figure 1.2 - Various Energy Harvesting Source from the Environment [9]. 
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The energy harvesting system is usually composed of four parts. First, various types of 

transducers (e.g., a thermoelectric element, photovoltaic cell, piezoelectric transducer) are 

used to harvest different forms of energy (e.g., solar radiation, thermal energy, mechanical 

vibration) from the environment. After that, the transducer's signal is adjusted through power 

conditioning. Due to the different transducers and the changes in the background, the signal 

is usually unpredictable. It is taking the piezoelectric vibration energy harvesting system as an 

example. The oscillator is placed in a fluid to capture vibration energy, and the piezoelectric 

kit converts the vibration energy into electrical energy output. However, the output is 

unstable and depends mainly on environmental factors. The output is affected by the 

frequency and amplitude of the oscillator, and it may generate a high voltage power output. 

Moreover, the piezoelectric kit will generate AC outputs; however, the storage requires a 

stable DC. At this time, power conditioning could convert the output current into a steady 

and continuous DC. Finally, the excess DC is stored to ensure continuous power output. The 

key component of a small-scale energy harvesting system is the energy capture component 

and transducer, which determine the efficiency of the whole system. 

Energy harvesting has better performance in powering ultra-lower-power devices. In some 

remote areas, the devices may not need too much power to drive, and the micro-level energy 

harvested is enough to fulfil power requirements at a lower cost. In that case, energy 

harvesting may substitute the battery and become the device's only power supply. The 

minimum power required for some common devices is shown in   

Table 1-1.  

Table 1-1 - The Minimum Power Required of a Number of Common Devices [8]. 

NO. Devices Power References 

1 Quartz oscillator (32kHz) 100nW [10] 

2 Electronic watch or calculator 1µW [10] 

3 RFID Tag / Implanted medical device 10µW [11] 

4 Hearing aid 100µW [10] 

5 Short range (~30mm) proximity sensor, model SFH 7741 

(OSRAM) 

270µW [12] 
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6 Automotive light sensor, model SFH 5711 supplied from 

2.5V (OSRAM) 

1.03mW [13] 

7 The sunflower miniature computing system 1.75mW [14] 

8 An ultra-wide-band (UWB) transmitter developed in 

0.18m CMOS for body area networks 

2mW [15] 

9 Accelerometer, model ADXL103 supplied from 5V (Analog 

Devices) 

3.35mW [16] 

10 A transmitter (model RFM HX1003) working at 418MHz 

with a range of 50ft 

7.5mW [17] 

11 Potential needs of a WSN working Zigbee circuits 10mW [18] 

12 A custom-designed radio operating at 1.9GHz with a range 

of 10m 

12mW [19] 

13 A bulk acoustic wave-based transceiver for a tyre pressure 

observing sensor module 

18.6mW [20] 

14 Autonomous sensor module 20mW [20] 

15 Berkeley’s Telos Mote 36mW [21] 

16 Bluetooth Transceiver 45mW [10] 

17 PALM, MP3 100mW [10] 

 

In many applications, a micro energy harvester as a power source becomes an attractive 

alternative to a battery, and these harvesters have some characteristics as follows. 

⚫ Long lifespan and high reliability  

⚫ be competitive on size and cost  

⚫ No need for regular maintenance  

⚫ Continuously power supply  

⚫ No emissions in operation 

Currently, micro energy harvesting methods mainly have photovoltaic modules, 

thermoelectric, wind, and piezoelectric energy harvesting methods. The background of these 

harvesters is provided in the following subsections. 
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1.3.1 Photovoltaic Modules Energy Harvesting 

According to the Photo-electric effect, photovoltaic modules energy harvesting is a harvesting 

method that converts sunlight into electricity. When a photon is irradiated onto a light-

sensitive substance (such as selenium), its energy can be absorbed by electrons of the 

materials. After the electron absorbs the photon's energy, the kinetic energy increases 

immediately and becomes a photoelectron, forming an optical current. 

Solar radiation energy harvesting is more and more mature technology, and the electricity is 

generated from sunlight by photo-electric effect and harvested by solar cells or solar arrays. 

As one form of energy harvesting, the solar array has been arranged in many cities and 

connected to the power grid. In addition, some small-scale or micro solar cells are also 

developed for portable devices, as shown in Figure 1.3. Furthermore, the advantages of solar 

batteries are apparent. For example, there is no release of pollution substances, including 

noise pollution, during operation, the solar cells' size could be optimized depending on the 

need, and the efficiency of the solar cell has significant increase in recent years, with the 

highest reaching 47.1%, as shown in Figure 1.4. 

 

Figure 1.3 - Small-scale Solar Cell. 

However, there still has some limitations for small-scale or micro solar cells. Solar radiation is 

not stable [22] ; for example, at night or on cloudy days, the intensity of solar radiation 

becomes extremely weak. Although solar radiation can be predicted, providing smooth and 

reliable energy for small-scale solar cells for small equipment may be challenging. Moreover, 

the energy output of solar cells is directly proportional to the area receiving solar radiation, 

and the cell requires a relatively large surface area to meet energy demands for devices, so it 
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is difficult to be used for some embedded devices.  In terms of cost, photovoltaic cells require 

frequent maintenance to ensure that the surface is clean to maintain high efficiency; 

otherwise, efficiency will continue to decrease. Therefore, using photovoltaic cells instead of 

batteries to power  MEMs or wireless devices or power batteries does not necessarily reduce 

installation and maintenance costs [18], [19]. 

 

Figure 1.4 – Solar Cell Efficiency [22]. 

1.3.2 Thermoelectric Energy Harvesting 

A schematic representation of a thermoelectric energy harvester is shown in Figure 1.5(a); it 

consists of two semiconductors, negative and positive charge carriers (n-doped and p-doped, 

respectively). The current flow is in series, and the heat flow is parallel in semiconductors. 

According to the Seebeck effect, the current it produces is proportional to the temperature 

difference between the heat source and the heat sink. In general, the temperature of a heat 

sink is the temperature of outdoor air. Therefore, as long as there is a temperature difference, 

it can be used, such as waste heat, living body, solar heat, etc. In addition, its size is flexible 

and can be mounted in some miniature devices. 

Since a large amount of thermal energy is wasted, the thermoelectric energy harvester is 

widely concerned. Forman et al. pointed out that about 72% of global energy is lost by first 

direct energy conversion, which includes 63% of the energy loss in the form of waste heat. 
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The waste heat potential of different sectors is shown in Figure 1.6, and Carnot’s potential 

(efficiency) is the upper limit of thermal energy to be converted. 

It can be seen from the figure that although the thermal energy loss from the electricity loss 

is high, the convertible heat energy is negligible. Therefore, only Carnot's potential for 

industrial and transportation show a better value, 34% and 35%, respectively. However, due 

to the temperature difference and the conversion efficiency of the thermal generator, only 

5% of waste heat can be converted into electrical energy for these two sectors. 

  

Figure 1.5 - (a) Schematic Representation of Thermoelectric Power Generator (b) Micor Thermoelectric 

Generator form D.T.S Company [25]. 

 

Figure 1.6 - The Waste Heat Potential of Different Sectors [26]. 
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There are also many breakthroughs in the field of micro-thermal power generators. In 1997, 

D.T.S launched the first commercial micro-thermal generator (Figure 1.5(b)), with only one 

coin size. At present, various micro -thermal energy harvesting devices are continuously 

reduced in size and improved in efficiency. Compared with other micro-energy harvesting 

devices, the micro-thermal energy harvesting device has the following benefits： 

⚫ The device's size can be used in micro-electro-mechanical systems (MEMs). 

⚫ Its shape can be adjusted according to specific needs, and its materials and design are 

highly flexible. 

⚫ The cost of this device is low. 

In summary, the size of the thermal energy harvester can meet most of the MEMs demands. 

Still, its energy output depends primarily on temperature difference, which leads to its 

application being mainly limited to industry and transportation. In addition, since the human 

skin has low thermal conductivity, thermal resistance is about 200to over 1000cm2 KW-1. The 

application of a thermal energy harvester for a living body still needs more research to 

increase efficiency. This also adds to its difficulty for installation and use in MEMs and wireless 

devices [22], [23]. 

1.3.3 Wind Energy Harvesting 

Wind energy, as one of the clean energy sources, has great potential, especially for the United 

Kingdom. As shown in Figure 1.7, the United Kingdom has sufficient wind energy resources, 

and the average annual wind speed can reach more than 5m/s at 25m above ground level. In 

addition, wind energy has many other natural advantages that are not available in clean 

energy, compared to photovoltaic power and hydropower; for example, wind energy has 

lower dependence on geographical position and weather. General, the capture device of wind 

energy is a wind farm for large-scale energy harvesting; giant wind turbines can be placed 

offshore and connected to the grid. Some small wind turbines are also used to power small 

devices, such as traffic lights. The micro wind energy harvester mainly comprises wind 

turbines and a power generator. Large wind turbines typically use a permanent magnet 

generator, while micro wind energy harvester has different generator designs, such as 

piezoelectric thin film harvesting energy, etc. 



11 

 

At present, more wind power farms have been established worldwide, but the efficiency of 

wind power generators is related to the size of their blades. For micro wind energy harvesters, 

the shorter wind blades lower the efficiency. When the wind speed changes, the micro wind 

harvester cannot adjust its fan deflection angle or automatically shut down according to the 

wind speed. The micro wind harvester is easily damaged at a high wind speed. 

 

Figure 1.7 - Annual Mean Wind Speed in UK (at 25m above ground level) [29]. 

A typical micro wind energy harvesting device is rotating piezoelectric energy harvesters, also 

called windmill piezoelectric energy harvesters (WPEH). Wind turbines have been developed 

for years and used in commercial applications. Like a wind turbine, WPEH usually uses the 

wind flow to drive the fan blades to rotate and place objects or magnets behind the rotating 

shaft to make the piezoelectric device bend continuously with the rotation of the fan blades 

to generate electricity. 

A rotating piezoelectric energy harvesters is shown in Figure 1.8(a)[30]. The back of the 

rotating shaft is fixed with a turntable. When the shaft rotates, the turntable will continuously 

hit the piezoelectric device to make it bend. The design can produce a maximum power 

output of 2566.4uW at 15m/s. But the cut-in wind speed of this design is 4m/s. Therefore, 

the friction of the design through a turntable in contact with the piezoelectric device may 
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affect the power output. Another common way is to bend the piezoelectric material in a non-

contact manner by fixing the magnet behind the rotating shaft and on the piezoelectric device. 

This type of design is shown in Figure 1.8 (b)[26], [27]. 

 

Figure 1.8 - (a) A Typical WPEH (b) A Non-contact WPEH[26], [27]. 

In recent years, most of the design concepts for WPEH have been contactless, using magnets 

to make piezoelectric devices bend under "contactless" conditions. This way does increase 

the power output, but it is still inevitable that friction is generated when the blades rotate. In 

addition, WPEH also has a relatively high cut-in wind speed, which makes it difficult for this 

type of energy harvester to operate under low wind speed conditions. Finally, the problem of 

WPEH is the large physical size. Since the area of the fan, the blade is proportional to the 

energy conversion efficiency, but the large fan blade causes the portability of the energy 

harvester to decrease, so developing the new fan blade shape to increase the energy 

conversion efficiency may be a key point for reducing WPEH physical size. 

Another application of wind energy is to use aeroelastic instability to harvest energy. This 

harvester will be specifically discussed in the next subsection, vibration energy harvest. 

1.3.4 Vibration Energy Harvesting  

The vibration is anywhere in the ambient, such as the vehicle (trains, ships, etc.), machinery 

(pumps, rotation, etc.) and so on as shown in Figure 1.9. Vibration energy harvesting is able 

to transfer mechanical vibration to electric power, and vibration energy harvesting has huge 

potential. In addition, the study of flow-induced vibration is popular, the different design of 

oscillator was proposed, they vibrate when wind or fluid passes them, and then different 

method was used to harvest the vibration. Vibration energy harvesting system normally 



13 

 

consists of four sections, as shown in Figure 1.10, the energy harvester, the circuit system, 

storage and the load (devices) [28]–[30].  

 

Figure 1.9 – Potential Vibration Sources. 

 

Figure 1.10 - Vibration Energy Harvesting System [8]. 

The circuit system is used to process signals from harvester to accepted electric power, and 

the common components include the filter, which could filter the signals to eliminate power 

signals in unwanted frequencies, an AC-DC converter and so on. There are three most 

common types of  vibration energy harvester, which depends on different mechanical 

methods, electromagnetic, electrostatic and piezoelectric harvester [31]–[33]. In the 

following part of this section, a brief description of these three harvesting methods is 

provided and compared. 

The power output of the vibration energy harvester is usually relatively small, not enough to 

be connected to the grid. Existing research is mainly in the laboratory test stage, improving 

energy conversion efficiency by changing the design to maximize vibration frequency and 
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amplitude. The evaluation of various vibration energy harvesters and various types of flow-

induced vibration will be introduced in detail in the next chapter. 

1.4 Aim and Objectives 

Energy harvesting is a future trend with the implementation of policies such as reducing 

emissions.  For large-scale energy harvesting devices such as hydroelectric power stations, it 

has already been used as one of the main power supply facilities in many countries. However, 

the demand for power supply for small devices in remote areas is increasing. Vibration energy 

harvesting is also considered as one of the future mainstream directions for small device 

power supply. Vibration energy is widely present in nature, and wind energy, as one of the 

widely used clean energy, is also attracting attention. By using some models, wind energy that 

is widely present in nature can be converted into the vibration of the model, and then 

harvested by vibration energy harvesters for small device power supply. The power output of 

existing designs is still at a low level and its research is still in the experimental stage. As one 

of the most important components of vibration energy harvesters, the design of the front-

end model is currently mainly based on several mainstream models (cylinder, cube, etc.). 

Therefore, the design of the front-end model can greatly affect the power output of the 

vibration energy harvester, thus enabling energy harvesters to move from the laboratory to 

people's lives. 

The aim of this thesis is as follows. 

This thesis aims to design and experiment with a novel model (a reverse C shape with a tail 

design), as shown in Figure 1.11, that can be used at the front end of a piezoelectric energy 

harvester, based on existing theories and models of vibration energy harvesting. The model 

is expected to have a higher energy conversion efficiency and be able to provide a greater 

power output for the harvester. 

In order to achieve this aim, the following objectives are defined: 

⚫ By reviewing the literature and theories of various types of vibrations, summarize and 

compare existing designs of various types of vibrations, design a front-end model that 

can provide greater lift force. 
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⚫ Through experimentation, research the effects of each component of the model on the 

performance of the model in order to optimize the model design. 

⚫ Use simulation software to investigate the fluid behaviour around the model to provide 

theoretical support for the vibration of the model. 

⚫ Compare experimental and simulation results, further optimize the model design, and 

provide optimization solutions and suggestions for the use of the model in practical 

applications. 

 

Figure 1.11 - A Reverse C shape with a Tail Design. 
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CHAPTER 2. LITERATURE REVIEW 

2.1 Introduction 

This chapter conducts a comprehensive review of the current literature on vibration energy 

harvesting, starting with the three types of vibration energy harvesting methods. The 

literature is summarized, and the current mainstream three vibration energy harvesting 

methods are introduced and compared. The main focus is on the literature related to 

piezoelectric energy harvesters, which includes a review of piezoelectric materials. In addition, 

the literature on fluid-induced vibration energy harvesting is also reviewed, and four different 

vibration types are summarized according to the literature, and the application, challenges, 

and future development directions of each vibration type are analysed. Furthermore, an 

essential component of vibration energy harvesters, cantilever beams, is reviewed in the 

literature. Finally, the current gaps are identified in this field based on existing literature. 

2.1.1 Review Scope 

This chapter is divided into three review sections: 

⚫ Three types of vibration energy harvesting 

⚫ Four types of flow-induced vibration energy harvesting 

⚫ The study of cantilever beam 

2.2 Type of Vibration Energy Harvesting 

2.2.1 Electromagnetic Harvesting Method  

Electromagnetic Vibration Energy Harvester (EVEH) is used to convert mechanical vibration 

energy to electric energy by magnetic field. This method could convert energy by Faraday's 

law of induction as shown in Equation 2.1 and maximum open-circuit voltage is as shown in 

Equation 2.2. 

휀 = −
𝑑Φ𝐵

𝑑𝑡
 

Equation 2.1 
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𝑉𝑂𝐶 = 𝑁𝐵𝑙
𝑑𝑥

𝑑𝑡
 

Equation 2.2 

Which 휀 is the electromotive force (EMF);  Φ𝐵 is the magnetic flux; N is the number of the coil 

wire; B is the strength of the magnetic field; 𝑙 is the length of a winding and x is the relative 

displacement distance between the coil wire and magnet. 

 

Figure 2.1 - Block Diagram of Electromagnetic Energy Harvesting System [8]. 

According to the Faraday's law, the electromotive force (EMF) will be generated on the 

conductive loop, when the magnetic flux through the surface enclosed changes by time. 

Vibration is changed to the comparative motion between the coil and mass in the EVEH 

system, at the same time, the coil will continuously cut the magnetic induction field and 

generate current in the coil. As shown in Figure 2.1, the magnet offers a strong magnetic 

induction field, and the voltage multiplier and boost converter are used to increase the 

voltage generated, meantime, the output current will decrease due to the law of conservation 

of energy. Some DC-DC boost converters have been developed to reduce energy loss and 

increase the power output of the system to 58mW [39]. 

Some researchers suggested that using EVEH as a sensor to drives the devices [40]. Some 

authors discussed a model based on the simulation design that stated the wireless device 

could obtain the power of 46.2μW from EVEH, and the excitation frequency is 5 Hz [41]. 

2.2.2 Electrostatic Harvesting Method 

Electrostatic energy harvesting technology converts mechanical vibration to electric power 

by electrostatic effect. Electrostatic vibration energy harvester (EtAWAH) needs some 
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preparations before harvesting energy; EtAWAH requires an external power supply to create 

the original voltage difference between the variable capacitors, and the energy conversion 

happens when the value of the variable capacitor changes due to vibration[36],[42]. 

 

Figure 2.2 - Block Diagram of Electrostatic Energy Harvesting System [8]. 

Normally, a capacitive structure prepared consists of two adjacent conductor’s electrode 

plates and the gap of the structure is filled with air, dielectric materials or vacuum as shown 

in Figure 2.2. Moreover, EtAWAH also includes a variable capacitor and an energy transfer 

circuit to adjust and control energy output. In order to maximize the efficiency of converting, 

a whole EtAWAH may have several capacitive structures[43].  

𝐸 =
1

2
𝑉2𝐶 =

1

2
𝑉2(휀0

𝑆

𝑑
) 

Equation 2.3 

Which E is the energy stored within capacitor; V is the voltage between the plates; C is the 

capacitance; 휀0 is the electric constant; S is the area of overlap of the plates and d is the 

separation between the plates. As shown in Equation 2.3, there are two parameters that are 

decisive for the electrostatic energy stored within the capacitor, the separation between the 

plates and the area of overlap of the plates. Therefore, there are two different types of 

electrostatic generators, which are in Figure 2.3, In-plane generators by changing the 

overlapping area and out-of-plane generators by changing the separation. 
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Figure 2.3 – Two Types of Electrostatic Generators. 

The EtAWAH has already been used in MEMs in some applications, although it is difficult to 

have power output for MEMs, because of miniaturization [8]. For example, the research in 

[44] states the harvester could generate high power output 1μW in MEMs. And in [45], the 

voltage generated is more than 3V when an external free-rolling proof mass is selected to be 

the experiment object, and it also pointed out that the energy harvester is only suitable for 

small frequency motion sources. The device of EtAWAH could be easily smaller than other 

vibration harvester, however, large frequency and external sources required, and the lower 

conversion efficiency are still the main limitations. 

2.2.3 Piezoelectric Harvesting Method 

Piezoelectric energy harvest as a popular way to harvest vibration, could transfer vibration 

energy to electricity. Piezoelectric transducers are widely used in small vibration energy 

harvesting field, due to their ease of miniaturization, high power density, compatibility with 

integrated circuit technology, and various general structural shapes. Using the output energy 

of the piezoelectric vibration energy harvesting to power wireless sensors has become a hot 

issue of concern to industry and academia [46]. 

2.2.3.1 Piezoelectric Effect and Inverse Piezoelectric Effect 

The word Piezo is from the Greek, which means to squeeze or press [47]. In the early 1880s, 

the piezoelectric effect was founded by Curie Brother who were French physicists. Generally 

speaking, the piezoelectric material will generate the electric charge, when its surface is 

stressed. Later, the inverse piezoelectric effect was also discovered, which means the shape 

of piezoelectric material will change by applying in an electric field [48]. Piezoelectricity is a 
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coupling property that occurs between mechanical and electrical behaviour on certain 

crystals. The piezoelectric effect exhibited by these piezoelectric materials changes with time, 

withstand the pressure and the temperature of the surrounding environment, especially 

when the temperature exceeds the Curie temperature (magnetic transition point), the 

piezoelectricity will disappear [49]. 

 

Figure 2.4 - Internal Structure of Piezoelectric Material in Positive Piezoelectric Effect. 

As mentioned before, piezoelectric materials have piezoelectric effects, and piezoelectric 

effects can be divided into positive piezoelectric effects and negative piezoelectric effects 

(inverse piezoelectric effect). The positive piezoelectric effect is the conversion of the 

mechanical strain or stress applied by the piezoelectric material into electrical energy. The 

positive piezoelectric effect is to produce an equal amount of positive and negative charges 

on the opposite surface of the material, thereby producing an electrode polarization effect 

proportional to the strain force. Figure 2.4 shows a crystal structure in a piezoelectric material 

as a basic reference to illustrate the basic principle of the positive piezoelectric effect. When 

the piezoelectric material receives mechanical strain, the electrical neutral balance of the 

crystal in the piezoelectric material is destroyed, and the internal charge centre will be 

relatively shifting. This shift will create an electrical potential on the surface of the 

piezoelectric material that varies with the mechanical strain and the amount of charge 

produced is related to the direction of the shifting and the level of strain [50], [51]. As shown 

in Figure 2.4b, when the piezoelectric material receives the tensile external force indicated 

by the direction of the arrow, the crystal is pulled up in the vertical direction. Since the density 

of the negative ions near the upper plate becomes larger, the upper plate will correspond to 

it and generate a positive charge, while the lower plate generates an equal amount of 
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negative charge at the same time. Similarly, when the piezoelectric material is subjected to a 

compressive external force, the charge generation of the two plates is as shown in Figure 2.4c. 

 

Figure 2.5 - Internal Structure of Piezoelectric Material in Inverse Piezoelectric Effect. 

Figure 2.5 shows a diagram of the inverse piezoelectric effect of a piezoelectric material, that 

is, if an electric field is applied in the direction of polarization of the piezoelectric material, 

and the piezoelectric material will produce mechanical deformation in a directly proportional 

to the intensity of polarization. When the potential of the lower electrode plate is higher than 

that of the upper electrode plate, the negative ions that are out of equilibrium gather near 

the upper plate in order to attempt to restore the electrical neutral balance, while the positive 

ions gather in the lower plate. This forces the material to stretch and induces a corresponding 

positive and negative charge near the upper and lower plates to resist the applied electric 

field. 

2.2.3.2 Piezoelectric Material Properties 

The property that some dielectrics are polarized under pressure and a potential difference 

occurs at both end surfaces is called piezoelectricity. Also, some materials with 

piezoelectricity are called piezoelectric materials. There are several types of material 

nowadays, including man-made and natural material and composite material, etc. Different 

piezoelectric material is suitable for various applications depending on their piezoelectric 

parameters; therefore, the comparison and analysis of piezoelectric parameters is crucial 

before selecting materials according to the application.  

The piezoelectric constant is one of the most important piezoelectric coefficients, which 

describes the ratio of the linear response between the mechanical and electrical quantities of 

the piezoelectric material [52]. As a set of unique parameters to piezoelectric materials, it is 

a third-order tensor, which reflects the coupling relationship between the mechanical 

properties and dielectric properties of piezoelectric material. Four different piezoelectric 
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coefficients d, e, g and h can be obtained by different measuring boundary conditions during 

measurement as shown in Table 2-1, and the piezoelectric constant d is more commonly used. 

The first four sets of equation is for piezoelectric effect, while the second four sets of equation 

is for inverse piezoelectric effect [53]. 

Table 2-1 – Four Piezoelectric Coefficients. 

Symbol Equation Unit 

𝑑𝑖𝑗 = (
𝜕𝐷𝑖

𝜕𝑇𝑗
)

𝐸

= (
𝜕𝑆𝑗

𝜕𝐸𝑖
)

𝑇

 C/N or m/V 

𝑒𝑖𝑗 = (
𝜕𝐷𝑖

𝜕𝑆𝑗
)

𝐸

= −(
𝜕𝑇𝑗

𝜕𝐸𝑖
)

𝑆

 N/Vm or C/m2 

𝑔𝑖𝑗 = −(
𝜕𝐸𝑖

𝜕𝑇𝑗
)

𝐷

= (
𝜕𝑆𝑗

𝜕𝐷𝑖
)

𝑇

 Vm/N or m2/C 

ℎ𝑖𝑗 = −(
𝜕𝐸𝑖

𝜕𝑆𝑗
)

𝐷

= −(
𝜕𝑇𝑗

𝜕𝐷𝑖
)

𝑆

 V/m or N/C 

 

Where D is electric charge density displacement (also electric displacement); E is electric field 

strength; S is strain and T is stress. 

As shown in Table 2-1, each piezoelectric coefficient has two subscripts, i and j, which 

represent two directions of both related quantities. The first number i in the subscript refers 

to the direction of the electric field, and the second number j refers to the direction of stress 

or strain. According to three directions for the x-axis, the y-axis and the z-axis, i is equal to 1, 

2 and 3, and j is equal to 1 to 6 as shown in Figure 2.6.  For example, d31 means the 

polarization happens in electric field direction 3 when the stress or strain is applied in 

direction 1. D15 means the polarization happens in electric field direction 5, and induced shear 

strain is applied in direction 2 [54]. 

Although the “33” power generation method has a higher piezoelectric coefficient and higher 

power generation efficiency, the piezoelectric energy harvesting device using the “31” power 

generation method is widely used for small PEHD because of its simple structure, low natural 

frequency, and easy acceptance of surrounding vibration energy, usually used in small 

piezoelectric energy harvesters [55]. 
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Another key property of piezoelectric material is permittivity, and permittivity is used to 

measure the ability of a piezoelectric material to store an electric field in the process of 

dielectric polarization[56]. The permittivity is the product of the relative permittivity and the 

absolute permittivity in vacuum, usually represented by 휀, in units of F/m. Also, as a device 

converting mechanical energy and electric energy, the efficiency of converting is an important 

factor for the material, which is the Electro-mechanical coupling factor. The factor is usually 

represented by k. For 휀 and k, they have the same format meaning subscript as piezoelectric 

coefficients. 

 

Figure 2.6 – Direction of Both Related Quantities for Piezoelectric Coefficients. 

The behaviour of mechanical and electricity could be described by constitutive equations, and 

for a linear piezoelectric material, the equations are shown in Equation 2.4 and Equation 2.5, 

which show the relationship of strain and electric field. They could be rewritten to the 

relationship between stress and electric field as shown in Equation 2.6 and Equation 2.7 [55].  

𝑆 = [𝑆𝐸]𝑇 + [𝑑𝑡]𝐸 

Equation 2.4 

𝐷 = [𝑑]𝑇 + [휀𝑇]𝐸 

Equation 2.5 

𝑇 = [𝑐𝐸]𝑆 − [𝑒𝑡]𝐸 

Equation 2.6 

𝐷 = [𝑒]𝑆 + [휀𝑆]𝐸 

Equation 2.7 
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Where 𝑆𝐸 is the compliance matrix in strain-Charge (m2/N); 𝑑 is piezoelectric coupling matrix 

(C/N); 𝑐𝐸  is stiffness matrix (N/m2) and 𝑒  is piezoelectric coupling matrix is Stress-Charge 

(C/m2). 

And for the piezoelectric effect and inverse piezoelectric effect, the equations also could be 

rewritten to matrix equation, as shown in Equation 2.8 and Equation 2.9. 

[
 
 
 
 
 
𝑆1

𝑆2

𝑆3

𝑆4

𝑆5

𝑆6]
 
 
 
 
 

=

[
 
 
 
 
 
 
𝑆11

𝐸 𝑆12
𝐸 𝑆13

𝐸

𝑆21
𝐸 𝑆22

𝐸 𝑆23
𝐸

𝑆31
𝐸 𝑆32

𝐸 𝑆33
𝐸

0
0
0

   
0
0
0

                   
0
0
0
               

0    0   0
0 0 0
0 0 0

𝑆44
𝐸 0

0 𝑆55
𝐸

0 0

0
0

𝑆66
𝐸 = 2(𝑆11

𝐸 − 𝑆12
𝐸 )]

 
 
 
 
 
 

[
 
 
 
 
 
𝑇1

𝑇2

𝑇3

𝑇4

𝑇5

𝑇6]
 
 
 
 
 

+

[
 
 
 
 
 
    0     0   𝑑31

    0     0   𝑑32

    0     0   𝑑33

0 𝑑24 0
𝑑15 0 0
0 0 0 ]

 
 
 
 
 

[
𝐸1

𝐸2

𝐸3

] 

Equation 2.8 

[
𝐷3

𝐷2

𝐷3

] = [
0
0

𝑑31

0
0

𝑑32

0
0

𝑑33

0
𝑑24

0

𝑑15

0
0

0
0
0
]

[
 
 
 
 
 
𝑇1

𝑇2

𝑇3

𝑇4

𝑇5

𝑇6]
 
 
 
 
 

+ [
휀11 0 0
0 휀22 0
0 0 휀33

] [
𝐸1

𝐸2

𝐸3

] 

Equation 2.9 

2.2.3.3 Piezoelectric Material 

Piezoelectric materials are mainly divided into two categories, inorganic piezoelectric 

materials and organic piezoelectric materials are shown in Figure 2.7 [57],[58]. Inorganic 

piezoelectric materials include piezoelectric crystals and piezoelectric ceramics, and 

piezoelectric crystals generally refer to piezoelectric naturally occurring single crystals. 

Piezoelectric crystals are crystals grown in a long-range order of crystal lattices. This crystal 

structure has no symmetry centre and is therefore piezoelectric. Piezoelectric single crystals 

are common in nature, such as crystal (quartz crystal), lithium gallate, lithium niobite, 

titanium niobite and lithium transistor lithium niobite, lithium niobite and so on. 
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Figure 2.7 - Piezoelectric Material Classification. 

Piezoelectric ceramics mainly mean piezoelectric polycrystals. Piezoelectric ceramics are 

synthesized polycrystals by irregular microcrystalline grains obtained by mixing, forming, 

high-temperature sintering with a raw material of a necessary component, a solid phase 

reaction of particle and a sintering process. Piezoelectric ceramics are also called ferroelectric 

ceramics. There are ferroelectric domains among the crystal grains of the ceramic, and the 

ferroelectric domains are composed of 180-degree domains that are antiparallel in the 

direction of spontaneous polarization and a 90-degree domain that is perpendicular to the 

spontaneous polarization direction. Under the condition of artificial polarization (application 

of a strong DC electric field), the spontaneous polarization is sufficiently aligned according to 

the direction of the external electric field and the residual polarization is maintained after the 

external electric field is cancelled. Therefore, the piezoelectric ceramics have macroscopic 

piezoelectricity and include barium titanite BT, lead zirconated titanite PZT, modified lead 

zirconated titanite, lead metasilicate, lead-bismuth citrate lithium PBLN, and modified lead 

titanite PT, etc [42],[43]. 

 

Figure 2.8 - Domain Direction of the Piezoelectric Ceramics. 

The piezoelectric effect of piezoelectric ceramics is different from that of other piezoelectric 

materials. As shown in Figure 2.8, the internal grains of the piezoelectric ceramic material 
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have many spontaneously polarized domains. When there is no applied external electric field, 

the domains are randomly distributed in the grains, and their polarization effects are 

cancelled out for each other. Internal polarization of piezoelectric ceramics is zero, therefore, 

piezoelectric ceramic materials that are not polarized do not exhibit piezoelectric effects [61]. 

 

Figure 2.9 - Piezoelectric Ceramics Polarization Process. 

When the piezoelectric ceramic is applied with an external electric field, the polarization 

direction of the domain is rotated according to the direction of the external electric field. The 

stronger the applied external electric field, the more the domains are more completely turned 

toward the direction of the external electric field. When all of the domain polarization 

directions are neatly aligned with the direction of the external electric field, the applied 

external electric field is referred to as saturation. At this time, when the external electric field 

is removed, the polarization direction of the domain is substantially unchanged, and the 

material at this time has piezoelectric characteristics as shown in Figure 2.9 [61]. 

Organic piezoelectric materials are also known as piezoelectric polymers, such as 

polyvinylidene fluoride (PVDF). These materials are widely used because of particularly soft, 

low density, low impedance, and high piezoelectric coefficient (g). In addition to this, 

piezoelectric materials also contain composite piezoelectric materials. This material is formed 

by embedding a sheet-like, rod-shaped, rod-shaped or powdered piezoelectric material in an 

organic polymer base material [62]. 

Different piezoelectric materials can be used in different applications depending on its 

mechanical and electrical property.  

Table 2-2 gives the advantages and disadvantages of various materials and suitable 

applications [63]. 
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Table 2-2 – Comparison of Different Piezoelectric Material. 

Piezoelectric 

Material 

Advantages Disadvantages Suitable Applications 

Piezoelectric 

Ceramics 

⚫ Strong piezoelectricity 

⚫ High permittivity 

⚫ Easy shape changeable 

⚫ High brittleness 

⚫ Large electrical loss 

⚫ Poor stability 

⚫ High power 

transducer 

⚫ Wideband filter 

Piezoelectric Single 

Crystals 

⚫ High stability 

⚫ High mechanical quality 

factor 

⚫ Lower piezoelectric 

coefficient 

⚫ Poor piezoelectricity 

⚫ Limit size 

⚫ Filter 

⚫ High frequency 

ultrasonic 

transducer 

⚫ Vibrator 

Polymers ⚫ High flexibility 

⚫ Low density 

⚫ Low impedance 

⚫ High piezoelectric 

constant(g) 

⚫ light in mass 

⚫ High voltage output 

⚫ Low piezoelectric 

constant(d) 

⚫ Pressure sensor 

⚫ Underwater 

ultrasonic 

measurement 

Composite 

Piezoelectric 

Materials 

⚫ Impact resistance 

⚫ Not easily damaged 

⚫ High hydrostatic 

pressure corresponding 

rate 

⚫ Higher production 

costs 

 

⚫ Hydroacoustic 

transducer 

The application of piezoelectric materials depends on the mechanical and electrical 

properties of the piezoelectric materials. Table 2-3 lists the properties of several commonly 

used materials. It should be noted that the Lead zirconium titanite (PZT) can be made in the 

form of sol-gel thin film and sputtered thin film in addition to polycrystalline. 

Table 2-3 – Properties of Commonly Used Materials [8]. 

Material 
Chemical 

Formula 
𝑑31 C/N 휀33/휀0

𝑎 𝑘31 
𝑇𝑒( 

𝑜𝐶)𝑏 

Temperature 

Quartz SiO2 2.3 4.4 - - 
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Bismuth Titanite 

(BTO) 
Bi12TiO20 -79 1900 - 120 

Lead Zirconated 

Titanite (PZT 

Polycrystalline) 

Pb[ZrxTi1−x]O3 -190~-320 1800~3800 0.32~0.44 230~350 

PZT  Sol-gel Thin 

Film 
Pb[ZrxTi1−x]O3 190~250 800~1100 - - 

PZT  Sputtered 

Thin Film 
Pb[ZrxTi1−x]O3 100 - - - 

Polyvinylidene 

Fluoride (PVDF) 
−(C2H2F2)n− 23 12~13 0.12 80~100 

Zinc oxide (ZnO  

Sputtered Thin 

Film) 

ZnO 10.5~11.5 10.8~11 - - 

Aluminium Nitride 

(AIN thin film) 
AlN - 8.6 - - 

 

2.2.3.4 Devices of Piezoelectric Vibration Energy Harvesting 

The piezoelectric vibration energy harvesting system (PVEHS) normally consists of three 

sections, which are piezoelectric devices, power electronic interface and electric storage 

components as shown in Figure 2.10. The ambient vibration sources could be harvested by 

piezoelectric devices, and electric energy is obtained because of the piezoelectric effect. It is 

worth noting that due to the structure of the piezoelectric material, the electrical energy 

converted from mechanical energy will be alternating current (AC). AC frequency is related to 

piezoelectric material vibration frequency.  Fill bridge rectifier, low pass filter and boost 

converter are usually the main components of the power electronic interface, and the 

electricity through the power electronic interface will become more suitable for the load [64]. 
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Figure 2.10 – The Diagram of PVEHS [3]. 

Piezoelectric Devices 

Figure 2.11 shows the energy flow of the piezoelectric energy harvesting system [51]. Starting 

from external energy (ambient vibration source), the vibrational energy from the surrounding 

environment flows into the system from the A port, and then the energy flow is converted 

into three energy flows. One is converted into thermal energy through the path B-C, which 

corresponds to the mechanical loss of the piezoelectric energy collector itself. The other one 

uses the piezoelectric effect of the piezoelectric material to convert energy into electric 

energy through the path B-D-F. The last energy flow forms an energy loop along the path B-
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D-E-K-L, which represents the mutual conversion between kinetic energy and elastic potential 

energy in a vibration cycle.  

 

Figure 2.11 - Energy Flow of the Piezoelectric Energy Harvesting System [51]. 

Electrical energy after transduction is converted into three energy flows along energy flow F. 

One is converted into electrothermal energy along the energy flow G, and the other is 

converted into electric energy obtainable by the load through the path H-I. The last energy 

flow returns to the mechanical energy ring in the form of mechanical energy along the path J, 

so that "electronic damping" is introduced in the mechanical energy ring. If the entire 

mechanical structure of the piezoelectric energy harvester does not exactly match the 

excitation vibration source, part of the energy will return to the ambient source along the 

path M. The degree of matching is reflected by the phase difference between the acceleration 

of the external force and the speed of the relative displacement. Therefore, the piezoelectric 

vibration energy harvesting device should ensure the maximum collection of the current 

flowing along I under various vibration conditions and minimize the energy flowing along the 

C and G port. 

The piezoelectric effect and inverse piezoelectric effect are used for different applications as 

shown in Figure 2.12. The technology development is necessary, in order to have better 

performance and lower costs. In the past, the researches mainly focus on piezoelectric 

materials and the running modes, instead of the dimensions of the piezoelectric energy 

harvesting device. The dimensions of the device could influence the efficiency significantly, 
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such as the shape, length, width and thickness. Therefore, future research could focus on the 

effect of changing dimensions according to different applications [65], [66]. 

 

Figure 2.12 – Applications Based on Piezoelectric Effect [67], [68]. 

 

Power Electronic Interface 

The full-bridge rectifier is also known as the AC-DC rectifier. For small-scale electric devices, 

DC power supply is necessary, and the output of PVDFS is AC, therefore, the full-bridge 

rectifier (a diode bridge rectifier) is usually used after the piezoelectric device, as shown in 

Figure 2.13 [69]. However, in recent research, after the rectifier is placed in the circuit, the 

output voltage is significantly reduced, which also reduces the overall efficiency of the system 

[70]. 

For some applications that require high voltage, the output voltage of the piezoelectric device 

is not sufficient to support the normal operation of the load. A boost converter is needed to 
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boost the voltage output. The boost converter can input DC power into the storage 

component first, and after a period of storage, output the power with a higher DC voltage to 

achieve the effect of boosting the voltage [71]–[73]. 

 

Figure 2.13 - A Diode Bridge Rectifier. 

Electrical Energy Storage 

As a piezoelectric vibration harvester that collects vibration energy, the vibration energy is 

generally intermittent. Therefore, in order to ensure that the load can work normally under a 

stable current and voltage, the energy storage element is an essential component in PVEHS. 

The most common energy storage element is a capacitor. The capacitor has the advantages 

of fast charging speed and a simple charging circuit. However, the charging and discharging 

efficiency of the capacitor is particularly low, also the charging takes a long time and the 

energy density is low [74], [75]. A supercapacitor has been recently researched. This kind of 

supercapacitor solves the shortcoming of the low energy density of ordinary capacitors. After 

improvement, the energy density of this supercapacitor can reach 10-100 times that of 

ordinary capacitors [75]. 

In addition, rechargeable batteries are also a type of energy storage element, such as nickel-

metal hydride button batteries and lithium-ion batteries [76]. Compared to capacitors, 

rechargeable batteries have a wide energy density and can store energy for long periods of 

time. However, rechargeable batteries are susceptible to be damaged from external 

influences and may cause environmental pollution due to internal chemical substances. 
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2.2.4 Comparison of Three Methods 

Three vibration energy harvesting methods are compared as shown in Table 2-4, which mainly 

includes mechanical-electrical conversion efficiency, advantages and disadvantages. 

Compared with other two methods, piezoelectric vibration energy harvester normally has 

higher efficiency, output voltage and faster conversion. Although the piezoelectric material is 

more expensive, it is more suitable for energy harvest, because it could generate enough 

power in same time for the device.  
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Table 2-4 – Comparison of Three Vibration Energy Harvester [8]. 

Vibration Energy 

Harvester Type 

Excitation 

Source 
Materials Efficiency (%) Attributes Advantages Disadvantages 

Electromagnetic 

Solar/Visible 

spectrum 

(Outdoor/Indo

or) 

Crystalline 

Silicon 

GaAs 

Amorphous 

Silicon/CdTe 

CuInSe2 

10%-20% 

25%-30% 

5%-9% 

∼17% 

-The high cost of 

materials 

-The low light 

absorptivity of 

silicon 

-Low power density 

-High output currents 

-Long lifetime proved 

-Robustness 

-Low output voltages 

-Hard to develop MEMS 

devices 

-May be expensive (material) 

-low efficiency in low 

frequencies and small sizes 

Electrostatic Vibrations 
MEMS scale 

Capacitor 
∼13.33% 

-An active system 

requiring a 

capacitor excitation 

voltage 

- High-cost to build the systems 

- Adjusting the coupling coefficient is 

difficult 

-Size reduction increases capacitance 

-Require high capacitance 

and its effect of increasing 

the cost 

-The high impact of parasitic 

capacitances 

-Need to control μm 

dimensions 

Piezoelectric 

Vibrations, 

Pressure 

variations 

Ceramics, Single 

crystals, Polymer 
∼5-30% 

-Depends on source 

excitation 

-Piezoelectric 

material property 

-High output voltages 

-The conversion from mechanical to 

electrical is simple and faster 

-Life time and durability are long 

-The overall system efficiency is high 

- Expensive (material) 

-Coupling coefficient linked 

to material properties 
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2.3 Flow-induced Vibration Energy Harvesting 

Flow-induced vibration energy harvesting is a mainstream of the research on vibration 

energy harvesting. Because of its unique energy capture device, its research mainly aims to 

harvest micro-environment energy to power micro equipment or wireless devices (such as 

MEMs), unlike other energy harvesting. Flow-induced vibration energy harvesting extracts 

energy from flow, such as wind, wave, or tidal current, by utilizing aerodynamic instability 

phenomena. In the construction and aviation manufacturing industry, this vibration will be 

avoided as much as possible because it will cause a lot of losses. The 1.6 -kilometre Tacoma 

Narrows Bridge was one of the examples that aerodynamic instability causes the loss. Five 

months after opening to traffic due to insufficient thickness of the bridge deck, the bridge 

formed a Kamen Vortex Street under the blow of strong winds, and eventually, the bridge 

caused resonance and collapsed.  However, flow-induced vibration energy harvester in the 

energy harvesting field has great potential because it is easy to form; moreover, most 

harvester designs have a long lifespan, lower maintenance cost and higher energy density 

[77]. Vibration is usually caused by the oscillator's elasticity, aerodynamic forces, and 

inertial force. Therefore, the vibration principle of different situations is important to 

improve the performance of the energy harvester. 

For aerodynamic energy harvesting, Musavir et al. divide this type of vibration energy 

harvesting into three categories [78], as shown in Figure 2.14, motion-induced excitation 

energy harvesting (MIEEH), instability-induced excitation energy harvesting (IIEEH), and 

extraneously induced excitation energy harvesting (EIEEH). MIEEH, which includes a 

galloping energy harvester and a flutter energy harvester. IIEEH is an energy harvesting 

based on linear resonance, which includes vortex-induced vibration energy harvesting and 

buffeting energy harvesting. In addition, wake galloping caused by turbulence is usually 

classified into EIEEH. Apart from this, another way of classification divides the vibration into 

two categories, limit-cycle vibration (Galloping and Flutter) and forced response vibration 

(Vortex-induced vibration and Buffeting), respectively, which regards galloping and wake 

galloping as the same vibration form [77]. This section will review and analyse the existing 

designs of different categories of flow-induced energy harvestings. 
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Figure 2.14 - Different Categories of Aeroelastic Energy Harvesters [78]. 

2.3.1 Vortex-induced vibration 

Vortex-induced vibration (VIV) is one of the most common vibration phenomena in nature. 

When a fluid with a large Reynolds number passes through a bluff body, such as a cylinder, 

the fluid near the boundary layer will flow at a low speed and attach to the boundary layer 

due to the viscosity of the fluid. Then the boundary layer flow will be separated from the 

upper and lower surfaces of the object to form two shear layers flowing downstream. 

Because of the gradient pressure, discrete vortices will be generated downstream. The 

vortex will periodically fall out of the two sides of the object with opposite rotation and 

regular arrangement. This vortex generation process downstream of the bluff body is called 

vortex shedding, and the vortex is called Kármán vortex street. 

Reynolds number (Re) is the ratio of inertial force to viscous force. Due to the difference in 

Re, the fluid flowing through the bluff body will have different effects. When Re is greater 

than about 90, vortex shedding will occur, as shown in Figure 2.15. Equation 2.10 shows 

the Reynolds number equation, where 𝜌  and 𝜇  are fluid density and dynamic viscosity 

coefficients; and v and L are the characteristic velocity and characteristic length of the flow 

field respectively. 
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Figure 2.15 - The Effect of Reynolds Number on the Fluid Flowing through the Bluff Body [79]. 

Due to the vortex shedding, there will be a low-pressure zone in the vortex area. Therefore, 

periodic forces will be generated on both sides of the bluff body as the vortex shedding, 

causing the bluff body to produce periodic vibration consistent with the vortex shedding 

period, and this is called VIV[80]–[83]. The frequency of vortex shedding from the surface 

of the bluff body to the downstream (𝜔𝑓) can be defined as shown in Equation 2.11, where 

v and L are still the characteristic velocity and characteristic length of the flow field 

respectively; and St is Strouhal number; and the relationship between Re number and 

Strouhal number as shown in Figure 2.16 [84]. 

𝑅𝑒 =
𝜌𝑣𝐿

𝜇
 

Equation 2.10 

𝜔𝑓 = 2𝜋𝑆𝑡
𝑣

𝐿
 

Equation 2.11 
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Figure 2.16 - The Relationship between Re Number and Strouhal Number [84]. 

The curve of vibration amplitude of VIV presents a parabolic shape with the increase of 

fluid velocity, as shown in Figure 2.17. Its vibration can be divided into three regions, pre-

synchronization region, lock-in region, and post-synchronization region [85]. When the 

fluid velocity continues to increase, the amplitude of VIV gradually increases. When the 

fluid velocity reaches a certain range, it changes to a lock-in region, and the bluff body 

vibration frequency will be synchronized with the vortex shedding frequency. At this time, 

the vibration frequency of the bluff body is consistent with its natural frequency, forming 

resonance [84]. The bluff body has the largest vibration amplitude in this region. Once the 

fluid velocity exceeds this range, the vibration amplitude of the bluff body will gradually 

decrease. 

 

Figure 2.17 - The Three Regions for VIV [84]. 
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Figure 2.18 – (a)A Typical VIV Energy Harvester (b) A Bending and Torsion Piezoelectric Energy Harvester 

[86]. 

VIV has always been one of the most important directions for researchers to study flow-

induced vibration. A typical VIV energy harvester is shown in Figure 2.18(a). The cylinder is 

placed on the free end of the cantilever beam, and the vibration of the cylinder is 

transmitted to the piezoelectric material through the cantilever beam. Due to the unique 

nature of VIV, the mainstream research direction is concentrated in the following aspects.  

⚫ Widen lock-in region range: The vibration frequency enters the lock-in region when it 

is similar to the resonance frequency of the object. The current research tries to change 

the natural vibration frequency of the object to affect the lock-in region. 

⚫ Hybrid VIV energy harvester: Due to the limited conversion efficiency of vibration 

energy for single harvesting and VIV's maximum vibration frequency and amplitude are 

relatively fixed when it enters the lock-in region, therefore, several different vibration 

energy harvesting methods are designed in one design to increase its energy 

conversion efficiency and improve the output. 

⚫ Improving post-synchronization region: In post-synchronization region, the vibration 

amplitude decreases rapidly because the vortex shedding frequency is higher than the 

natural frequency of the object. To enable the harvester to continue to be used at high 

wind speeds, some design combines VIV and other vibration, such as galloping. 

Single-degree-of-freedom (SDOF) VIV energy harvester is widely developed which harvests 

energy by a cantilever beam. Facchinett et al. point out the basic mathematical model of 

SDOF VIV energy harvester, and Junlei et al. integrated the formula for the oscillator 

oscillating equation(Equation 2.12), wake oscillator equation(Equation 2.13) and circuit 

equation(Equation 2.14)[77], [87]. 
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Equation 2.14 

Where 𝜂  is the displacement of oscillator; 𝜔  and 𝜔𝑠ℎ𝑒𝑑  are natural frequency and the 

vortex shedding frequency; 𝜌0 and 𝑈0 are the density and flow rate of the flow; 𝜑(𝐿𝑏) is 

the end displacement of cantilever beam; 𝑞 is wake displacement; 𝜉, 𝐶𝐷 and 𝐶𝐿0
 are the 

coefficients of damping; drag and lift respectively and 𝑉 , 𝑅𝐿 , 𝐶𝑝  and 𝜃  are circuit 

parameters. 

Since the vibration of the bluff body will be consistent with its natural frequency when it is 

in the lock-in region, changing the bluff body's natural frequency is one of the main 

directions for improving VIV. In 2020, Jinda Jia et al. proposed a bending and torsion 

piezoelectric energy harvester that utilizes the asymmetry of the front-end cylinder, which 

was proved by numerical analysis and experiments. As shown in Figure 2.18(b), cylinder's 

shape centre and the cantilever beam's axis are not on the same horizontal line. Therefore, 

when the vortex falls off, the periodic force is applied to the shape centre of the cylinder. 

Thus, the design can simultaneously cause bending vibration and torsional vibration of the 

harvester. The result shows that due to the increase in eccentricity, the natural frequency 

of the bluff body decreases, and the minimum wind speed requirement for this harvester 

is 15% lower than the typical one [88]. This allows the harvester to operate at lower wind 

speeds. But the results prove that torsional strain does not contribute to energy harvesting, 

and the maximum power output of the harvester is not as good as the typical performance. 
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Figure 2.19 - Different Cantilever Configurations [89]. 

 

Figure 2.20 - Power Output for Four Cantilever Configurations [89]. 

H.L.Dai et al. did related research based on different cantilever configurations, as shown in 

Figure 2.19. In the free vibration experiment, Case 4 has the highest natural vibration 

frequency, which is almost twice that of the other three configurations. In the energy 

harvesting experiment, it was found that Case 2 has the best performance at low wind 

speeds of 1.3 to 1.8m/s, but Case 4 performs best at wind speeds of 2 to 5m/s, as shown in 

Figure 2.20 [89]. At higher wind speeds, due to the vibration characteristics of VIV, the 

energy harvested is minimal. 

Improving the performance of the harvester by adding objects before or after the bluff 

body to adjust the natural frequency is another research direction of VIV, after adding 

objects, the vortex shedding and Reynolds number of the bluff body are affected, so a large 
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vibration can be obtained at low wind speeds. The most typical research recently is the 

double-cylinder energy harvester [90] and the three-cylinder harvester [91]. In the double-

cylinder energy harvester, the diameter of the two cylinders is 32mm. Through CFD and 

experiments, the energy output of the two cylinders at intervals of 125mm, 250mm, and 

375mm is analysed. When the two cylinders are separated by 125mm, for the effective 

wind speed range of energy harvesting, the two cylinders are respectively 150% and 267% 

of a single cylinder. The area of the power output of two cylinders is respectively 339 and 

679 percent of a single cylinder. For a three-cylinder collector, at a wind speed of 1.2m/s, 

the total power output can reach 3.5 times the power output of a single cylinder. 

  

Figure 2.21 - Two-cylinder and Three-cylinder Energy Harvester [90], [91]. 

The second way to improve the performance of VIV energy harvesters widely used by 

researchers is to combine electrostatic energy harvesting or electromagnetic energy 

harvesting with piezoelectric energy harvesting. Zhihui Lai et al. developed a hybrid wind 

energy harvester that combines piezoelectric energy harvesting and electrostatic energy 

harvesting under VIV in 2021 [92]. The energy harvester removes the space of a capsule 

from the inside of the cylinder and places a small ball in the capsule. The piezoelectric 

material is still fixed at the end of the cantilever beam. In addition, dielectric elastomer (DE) 

materials are placed on the two ends of the capsule as shown in Figure 2.22. The harvester 

has a higher output power than a typical VIV piezoelectric energy harvester, but due to the 

addition of dielectric elastomer (DE) materials, the design cost also rises. In the design of 

hybrid energy harvesters, consideration should be given to whether different energy 
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harvesting methods in the design can positively influence each other, rather than simply 

combining them. 

Another popular research direction for VIV is to transform VIV to galloping by changing the 

shape of the bluff body. J. Song et al. added two splitter plates behind the cylinder as shown 

in Figure 2.23(a). Due to the change in the symmetry of the cylinder, the power output 

increases with the increase in wind speed (characteristic of galloping). And the paper also 

pointed out that when the length of the splitter plate is equal to 0.65 times the diameter 

of the cylinder, the output power is maximum[93]. The design of the splitter plate provides 

a reliable design concept for this research direction. In 2020, J. Wang et al. combined 

square and circle to create a new bluff body shape as shown in Figure 2.23(b) [94]. The 

output power curves of these shapes combine the characteristics of the VIV and galloping 

output power curves. As the wind speed increases, the curve first gradually rises, then 

begins to decline briefly, and finally rises again. After comparison, "BB1 α=0" has the best 

effect. Compared with VIV, the maximum output power is increased by 71.34%.  

 

Figure 2.22 - Hybrid Wind Energy Harvester [92]. 
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Figure 2.23 - (a) Cylinder with Splitter Plate (b) Cross-section of Bluff Bodies Created [94]. 

Overall, VIV harvester has better performance at lower wind speed, and the power output 

reach the maximum when the frequency of vortex shedding is similar to the natural 

frequency. The direction of future research can be from four aspects: Widen lock-in region 

range, combining other energy harvesting methods, and improving post-synchronization 

region. 

2.3.2 Galloping 

Galloping is a divergent bending self-excited vibration caused by the negative slope of the 

lift curve. This negative slope makes the displacement of the structure always consistent 

with the direction of the air force during the vibration process, and the structure 

continuously absorbs energy from the outside, thus forming unstable vibration. Galloping 

generally occurs in flexible lightweight structures with angular, non-streamlined cross-

sections as shown in Figure 2.24(a), such as cubes. The difference with VIV is that the 

amplitude of galloping increases with the increase of fluid velocity, but the minimum 

operating fluid velocity is larger than VIV, the curve of typical galloping vibration amplitude 

and fluid velocity is shown in Figure 2.24(c). As shown in Figure 2.24(b), it is generally 

assumed that the non-cylindrical bluff body is fixed on the spring, and the fluid flows from 

right to left at the speed of U. The governing equation of galloping motion can be written 

as shown in Equation 2.15[86]. In addition, the lift force (𝐹𝐿) and drag force (𝐹𝐷) could be 

expressed as show in Equation 2.16 

𝑀�̈� + 𝐶�̇� + 𝐾𝜔 = 𝐹𝑍 

Equation 2.15 
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𝐹𝐿 =
1

2
𝜌𝑈𝑟𝑒𝑙

2 𝐷𝐶𝐿  

𝐹𝐷 =
1

2
𝜌𝑈𝑟𝑒𝑙

2 𝐷𝐶𝐷  

Equation 2.16 

where M, C, K are the mass of the bluff body; the damping coefficient, and the spring 

stiffness respectively; FZ and 𝜔 are the aerodynamic force and displacement distance of 

bluff body from the centre of gravity respectively; 𝜌 and 𝐷 are the density of the flow and 

characteristic dimension of the bluff body respectively; 𝐶𝐿 and 𝐶𝐷 are the coefficients of lift 

and drag. 

In reality, the circuit load will generate electrical damping (𝐶𝑒) and electrical stiffness (𝐾𝑒) 

after the harvester is connected with a circuit, and they will also affect the aerodynamic 

force, thus, the governing equation could be written as show in Equation 2.17. Tabesh et 

al. use Laplace transform on Equation 2.15, and represent formula of electrical damping 

(𝐶𝑒) and electrical stiffness (𝐾𝑒) [95], where 𝑅𝑙 is resistive load; C and 𝜃 represent electrical 

capacitance and coupling coefficient respectively; and 𝜔𝑓 is the frequency of the bluff body. 

𝑀�̈� + (𝐶 + 𝐶𝑒)�̇� + (𝐾 + 𝐾2)𝜔 = 𝐹𝑍 

Equation 2.17 

𝐾𝑒 =
(𝑅𝑙𝜔𝑓𝜃)2𝐶𝑠

1 + (𝑅𝑙𝐶𝑠𝜔𝑓)2
 

𝐶𝑒 =
𝑅𝑙𝜃

2

1 + (𝑅𝑙𝐶
𝑠𝜔𝑓)

2
 

Equation 2.18 
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Figure 2.24 - (a) Typical Galloping Piezoelectric Energy Harvester (b) The Governing Equation of Galloping 

Motion (c) Typical Curve of Galloping Vibration Amplitude VS Fluid Velocity [86]. 

Not like VIV, the vortex shedding frequent D/U is much less than the bluff body’s 

oscillations characteristics of the galloping 2𝜋/𝜔 [96]. Therefore, the quasi-static theory 

can be applied to classical galloping study, which is the aerodynamic force on the bluff body 

is determined by relative instantaneous velocity only. The aerodynamic force 𝐹𝑍  can be 

expressed as  

𝐹𝑍 =
1

2
𝜌𝑈𝑟𝑒𝑙

2 𝐷𝐻[𝑎1𝛼 + 𝑎3𝛼
3] 

Equation 2.19 

Where 𝐻 is the height of bluff body; 𝑎1 and 𝑎3 are empirical coefficients defined by the 

geometry of the bluff body cross-section; and 𝛼 is the angle of attack (𝛼 = �̇�/𝑈𝑟𝑒𝑙). The 

Equation 2.15 can be rewritten as 

𝑀�̈� + (𝐶 +
𝑅𝑙𝜃

2

1 + (𝑅𝑙𝐶𝑠𝜔𝑓)
2 −

1

2
𝜌𝑈𝑟𝑒𝑙𝐷𝐻𝑎1 −

1

2
𝜌𝑈𝑟𝑒𝑙𝐷𝐻𝑎3 [

�̇�

𝑈𝑟𝑒𝑙
]
2

)�̇� + (𝐾

+
(𝑅𝑙𝜔𝑓𝜃)2𝐶𝑠

1 + (𝑅𝑙𝐶𝑠𝜔𝑓)2
)𝜔 = 0 

Equation 2.20 
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The damping part in Equation 2.20 is composed of two parts, linear damping and non -

linear damping. The linear damping part mainly determines the cut-in wind speed; at a 

relatively low wind speed, energy harvesting can be accomplished by modifying the 

device's structural characteristics and the oscillator's form structure. Non -linear damping 

part determine the maximum amplitude of the oscillator, which also has a significant 

impact on vibration reduction and stabilises system oscillation. 

𝐿𝑖𝑛𝑒𝑎𝑟 𝑑𝑎𝑚𝑝𝑖𝑛𝑔 𝑝𝑎𝑟𝑡: 𝐶 +
𝑅𝑙𝜃

2

1 + (𝑅𝑙𝐶𝑠𝜔𝑓)
2 −

1

2
𝜌𝑈𝑟𝑒𝑙𝐷𝐻𝑎1 

Non − linear damping part: −
1

2
𝜌𝑈𝑟𝑒𝑙𝐷𝐻𝑎3 [

�̇�

𝑈𝑟𝑒𝑙
]
2

  

Equation 2.21 

The current improvements for galloping energy harvesters can be divided into three 

categories as flowing  

⚫ Optimizing the bluff body shape and structure: Oscillator’s shape and structural 

parameters determine the frequency and amplitude of galloping. Unlike VIV energy 

harvester oscillator, most its oscillator are cylinders. It is more flexible for galloping 

energy harvester to obtain the better performance of the harvester by changing the 

shape of the bluff body. 

⚫ Widening operation range: The galloping is a low frequency and high amplitude 

vibration, but its cut-in speed is higher, meaning its performance may not be satisfied 

in lower flow speed. Reducing the cut-in speed by optimizing the design is another 

research aspect for galloping energy harvester. 

⚫ Hybrid galloping energy harvester: Galloping is usually coupled with other vibration 

and harvested energy together, such as combining with VIV. The energy output of this 

kind of energy harvester performs well in some applications. 

For galloping, the conventional cross-sectional shapes are square, triangle, and D-

shaped[97], [98]. For a square, the vortex is generated at the front vertices on both sides 

but reattaches to the boundary layer at the back vertices on both sides. Due to the 

reattachment of the vortex, pressure fluctuations appear on the upper and lower sides of 

the square, which affects the life force of the bluff body as shown in Figure 2.25. So, the 
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researchers merged the upper and lower back vertices of the square to turn the square into 

a triangle. The triangle shape can effectively avoid the reattachment of the vortex and 

ensure the coordination of vortex shedding at the upper and lower sides. In recent years, 

many researchers have made some novel designs for square cross-sections based on the 

design concept of the square to the triangle. A funnel-shaped design was proposed in 2020 

[99] (Figure 2.26(a)). This design not only prevents the vortex from re-attaching but also 

leaves space for the vortex to fall off. Experimental and simulation results show that the 

maximum output power of the design can reach 2.34mW/cm3, while the output power of 

the bluff body with square and triangular cross-sections is 0.207mW/cm3 and 1.56mW/cm3, 

respectively. At the same time, the design also reduces the minimum operating wind speed 

of the energy harvester. Similar to this design, some researchers pointed out a novel energy 

conversion system, which include a T-shaped bluff body (Figure 2.27). The T-shaped design 

is composed of four planes with a thickness of 0.01m. Two planes are perpendicular to each 

other to form a "T-shaped" structure. Two planes on both sides are used to reduce the 

influence of the boundary. This system has a maximum output power of 21.23W at a flow 

rate of 12.25m/s [100]. The fluid in this design is water. Due to the different viscosity of the 

fluid, the output power cannot be compared solely. But in the same environment, the 

design still shows a better performance than the rectangle. Later, Fengrui Liu et al. 

conducted a deeper study on the T-shape and designed a Y-shape energy harvester. The Y-

shape consists of three planes, which are two front plates with a certain angle and a 

tailplane. The influence of the angle between the two front plates and the length of the 

tailplane for power output are analysed as shown in Figure 2.26 (b) [101]. The results show 

that when the angle between two front plates is between 60 degrees and 80 degrees, and 

the ratio of the length of the tailplane to the length of the two front plates is between 4/3 

and 5/3, the output power is the highest. Compared with the T-shaped design, the Y-

shaped design has better performance at low wind speeds, but the performance at 

relatively high wind speeds is not much different from the T-shaped design. There are many 

other designs of the bluff body for galloping, whose power outputs are considerable, as 

shown in Table 2-5. 

Another novel design is to reduce the minimum operating wind speed of the energy 

harvester by adding other objects before and after the bluff body. The most typical design 
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recently is a comb-like beam design proposed by Guobiao Hu et al. in 2021 (Figure 2.28). 

This design fixes a number of parasitic beams parallel to the bluff body on the cantilever 

beam behind the bluff body in order to minimize the torsional vibration of the bluff body. 

This design can reduce the minimum operating wind speed by 12.5% compared to the 

rectangular design, and at 3m/s, the maximum power output of the design is 171.2% of the 

rectangular design[102]. Wan and Jongwon represented a removable cuboid design, which 

two sections of the cuboid body and the end of the cantilever beam are fixed through two 

springs, as shown in Figure 2.29. The cuboid will move backwards and vibrate because of 

the drag force when the flow passes it, and centrifugal force, elastic force, aerodynamic 

force and inertial force will be coupled. The result shows the design has a lower cut-in wind 

speed, and its mean power density improvement rate is 23.4% compared with the normal 

cuboid design[103]. 

VIV will be formed after the fluid passes through the circular cross -section object, but the 

bluff body of the non -circular cross section will also produce a vortex shedding 

phenomenon. Different from the circular cross -section object, the separation point of the 

boundary layer of the bluff body is fix and does not change with the Reynolds number. 

Therefore, the study of the coupling of galloping and VIV is also an important direction for 

galloping research, which improves the energy harvesting efficiency of the harvester 

through coupling [77]. 

 

Figure 2.25 - Fluid Pass Square and Triangle Shape [99]. 
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Figure 2.26 - (a) A Funnel-shape Design (b) T-shaped Structure [99]. 

 

Figure 2.27 - T-shaped Energy Conversion System [100]. 

 

Figure 2.28 - A Comb-like Beam Design [102]. 
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Figure 2.29 - Removable Cuboid Design [103].   
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Table 2-5 – Other Bluff Body Novel Design for Galloping in Recent Years 

NO. Novel design Schematic diagram Bluff body 

size(L*W*H) 

Power output at the maximum 

wind speed in the experiment 

Ref. 

1 Spindle-like and 

butterfly-like 

design (2020) 

 

33*66*117mm 8.02V at 2.92m/s [104] 

2 A curved plate 

design (2019) 

 

35*35*100 mm3 0.0356mW at 5m/s [105] 

3 Energy harvester 

with Y-shaped 

attachments 

(2019) 

 

32*32*118 mm3 0.576mW at 1.8m/s [85] 



53 

 

2.3.3 Flutter 

Flutter, similar to gallop, is a large-scale vibration that occurs due to the coupling of fluid 

dynamics, elastic forces, and inertial forces. Unlike gallop, flutter usually consists of two 

degrees of freedom, which are vertical movement and torsion. Flutter usually occurs in 

wing-shaped structures, as shown in Figure 2.30(a)[106]. In order to make the flutter 

instability tend to diverge, in the flutter of the wing-shaped structure, the aerodynamic 

centre and the centre of gravity must be respectively located on the front and back sides 

of the elastic shaft. Figure 2.30(b) shows the flutter of a typical wing-shaped movement. 

The wing moves in the vertical direction and twists at the same time[107]. 

. 

 

Figure 2.30 - (a)Wing-shaped Structure (b) A Typical Wing-shaped Movement [106], [107]. 

It is worth noting that flutter occurs when the fluid velocity reaches the critical flutter speed. 

The relationship between the critical flutter speed and flutter frequency is shown in 

Equation 2.22 [106], where 𝑉𝑐  is the critical flutter speed; Y is Young’s modulus of the 

beams; T is the beam thickness; and 𝜌 and L are the fluid density and the beam length 

respectively. 
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𝑉𝑐 = (
𝑌𝑇3

𝜌𝐿3
)

1
2

 

Equation 2.22 

When the fluid velocity is large, the energy of aerodynamic excitation will be greater than 

the natural damping of the system, and the vibration level will increase. When the fluid 

velocity continues to increase, this will usually cause the amplitude to continue to increase, 

which eventually leads to equipment damage. Depending on the parameters of the system, 

the flutter amplitude image is slightly different. A typical flutter amplitude image is that the 

amplitude continues to rise as the wind speed increases as shown in Figure 2.31 [108]. 

 

Figure 2.31 - A typical Flutter Amplitude [108]. 

The research on flutter in recent years has mainly focused on wing shape design, improving 

the performance of harvester by adjusting the stiffness of the structure, size of the wing, 

locations of the piezoelectric devices etc. For the locations of the piezoelectric devices, 

there are two places where the piezoelectric device is placed. (1) The first is to place the 

piezoelectric device at the constraint of the aerofoil section. In 2020, Xiaobiao Shan et al. 

proposed a novel flutter design[109]. As shown in Figure 2.32, the wing is fixed at the 

constraint of the aerofoil section through two flexible springs, and two main piezoelectric 

devices are placed on two flexible springs. In addition, to improve the flutter performance, 

a square prism was placed on the wing-shaped structure, and a cylinder, which is connected 

to the wing-shaped structure by a cantilever beam with a piezoelectric device, was placed 

at the end of the wing-shaped structure. When the fluid flows through the structure, the 

tail end cylinder undergoes vortex-induced vibration, which further increases the overall 

performance of the design. This design can produce a maximum voltage output of 17.94V 
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when the wind speed is 13.69m/s. (2) In addition, the other is to place a cantilever beam 

with a piezoelectric device at the end of the wing-shaped structure design. As shown in 

Figure 2.32, the maximum energy output in this design can reach 0.3233W [110]. 

Zhiyong Zhou et al. proposed a rectangular wing design in 2019 [111]. The rectangular wing 

is fixed by a cantilever beam with a piezoelectric device, and a magnet is fixed at the front 

end of the rectangular wing. The other two magnets are fixed on both sides of the front of 

the rectangular wing. Through the design of rectangular wings and magnets, the structure 

has a good voltage output. Through the design of rectangular wings and magnets, the 

structure has a good voltage output, and it also provides an alternative to the wing shape 

for the flutter design. Santos et al. represented a classical flutter energy harvester with 

larger attack angle, as shown Figure 2.33, the study showed that the position of the elastic 

axis and the inertia parameters significantly impact the structural response, while the 

stiffness of the structure has a minimal impact for flutter energy harvester. Another 

interesting study improved the efficiency of harvester by adding a moving part (slider) on 

cantilever beam, was pointed out by Hafezi et al., as shown in Figure 2.34. By changing the 

location of the slider, they could control the cut-in wind speed, and increase the power 

output [112]. 

 

 

Figure 2.32 - Novel Flutter Energy Harvesting Design [109]. 
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Figure 2.33 - Higher Attack Angel Futter Energy Harvester [111]. 

 

Figure 2.34 - Adaptive Flutter Piezoelectric Energy Harvester [113]. 

In general, for flutter energy harvesters, the main design direction is the wing-shaped 

structure, and stiffness of the structure, attack angle and locations of piezoelectric devices 

have largely influenced performance. It should be noted that proper structure can be added 

to the design to prevent equipment damage caused by excessive fluid velocity. 

2.3.4 Buffeting 

Buffeting is a kind of periodic vibration that results from wakes from upstream flow or 

naturally occurring turbulence and typically happens in unstable flow fields. In some studies, 

the buffeting and Wake-induced vibration (WIV) are usually separated into two vibration 

modes. WIV is usually a phenomenon in which the turbulence generated by the fluid 

flowing through the front object causes the rear object to vibrate. It can be seen from the 

vibration description that the condition of buffeting contains WIV and is wider than it; 
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therefore, WIV is a study aspect of buffeting. The governing equation of SDOF buffeting 

motion can be written as follows [77]. 

𝑀�̈� + 𝐶𝑠𝑡�̇� + 𝐾𝜔 = 𝐹𝑀𝐼𝑀(𝑡) + 𝐹𝐸𝐼𝑀(𝑡) 

Equation 2.23 

Where 𝑀 stands for mass; 𝐶𝑠𝑡  stands for system damping; 𝐾  stands for spring stiffness; 

and 𝐹𝑀𝐼𝑀 and 𝐹𝐸𝐼𝑀 stand for fluid's unstable aerodynamic forces. 

In recent years of research, a design using WIV to harvest energy has also appeared. There 

is no clear classification between VIV and WIV. For example, the vibration of the rear bluff 

body in [90] can be counted as WIV; however, the front cylinder vibrates as VIV; from the 

perspective of effect, it is not a complete VIV, because it has been affected by the rear 

cylinder. The main difference is whether the front bluff body is fixed; and in this section, 

only an energy harvester with the rear cylinder or other shape body as an oscillator is 

considered WIV (buffeting). Wang et al. showed a useful strategy for complex structural 

aerodynamic issues (muti-cylinder or muti-prism energy harvester) as shown in Figure 2.35. 

First, the lattice Boltzmann method is used to determine the external force f of the VIVs 

piezoelectric energy harvester. The electromechanical coupling equation is changed to 

force (f) to get the system response, which is then utilised as the starting point for the 

subsequent phase. The iterative process ends when the error precision satisfies the 

predetermined requirements (the system reaches a stable state) [112]. 

Daoli Zhao et al. proposed a WIV design in 2021 [114]. The design consists of two D-shaped 

cylinders, the front D-shaped cylinder is fixed, and the back D-shaped cylinder is fixed by a 

light cantilever beam with a piezoelectric device, as shown in Figure 2.36. The maximum 

power density of this design is 1074W/m3.  

Another common type of buffeting design is to use flexible plates for energy harvesting. E. 

Binyet et al. placed the flexible board behind the rectangular bluff body and used the 

alternating vortex shedding generated by the fluid flowing through the bluff body to make 

the flexible board vibrate [115]. This design is a typical design. The future research direction 

can study the influence of the shape of the front bluff body on the power output, and the 

influence of the rigidity of the flexible board on the power output. 
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Jianjun Liu et al. proposed a design based on a bionic perspective in 2020, as shown in 

Figure 2.37 [116]. This design simulates the vibration of leaves and fixes a triangular sheet 

on a cantilever beam with a piezoelectric device. The maximum energy output is 0.55mW. 

Compared with other flutter designs, this design is simpler and less expensive, and more 

flexible. 

 

Figure 2.35 - Computational Process of Coupling [112]. 

 

 

Figure 2.36 - D-shaped Cylinder WIV [114]. 
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Figure 2.37 - Triangularly Shaped Leaf Futter Design [116]. 

2.3.5 Summary of Flow-induced Energy Harvesting 

This section compares various flow-induced vibrations and provides a summary of flow-

induced energy harvesters that rely on piezoelectric technology. Different flow-induced 

vibration has their unique characteristics and restrictions, and compared with other 

vibrations, galloping has a broader development potential. Although the cut-in speed of 

galloping is generally high, with the development of novel design, its bandwidth has been 

greatly improved. Meanwhile, hybrid energy harvester, which is combined two or more 

kinds of vibration, has better performance. 

Some energy harvesters in the Table 2-7 are relatively high, but it has a lower energy 

harvesting efficiency, which may be due to the multiple piezoelectric devices applied. 

Table 2-6 Comparison of Flow-induced Vibration 

 VIV Buffeting Galloping Flutter 

Category ⚫ Motion-induced excitation 

vibration (Forced response 

vibration) 

⚫ External excitation 

⚫ Instability-induced excitation 

vibration (Limit-cycle vibration) 

⚫ Self-excitation 

Feature ⚫ Lower cut-in speed 

⚫ Limited operating bandwidth 

⚫ Higher cut-in speed 

⚫ Larger amplitude 

Flow goes through 

a circular cross- 

section object 

Happening in 

unstable flow 

fields 

Flow goes 

through a bluff 

body 

Flow goes 

through a wing-
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shaped 

structures 

Vibration 

trend 

As the flow rate 

increases, the 

vibration rate 

increases first, 

and after reaching 

the maximum 

amplitude, it lasts 

for a period of 

time, and then 

decreases as the 

flow rate 

increases 

Similar to VIV 

vibration, but 

due to 

complex 

turbulence 

impact, it 

generally only 

has a large 

amplitude 

during 

resonance. 

After reaching 

the cut-in speed, 

the amplitude 

increases as the 

flow rate 

increases. 

Sometimes the 

characteristics of 

VIV are also 

displayed. 

The vibration 

trend is similar to 

the galloping, but 

the vibration is a 

typical two-

dimensional 

involving bend 

and twist 

vibrations 

Limitation 

Can't work at high 

flow speeds 

Mathematical 

models are 

complicated 

and cannot be 

effectively 

analysed 

The performance 

needs 

improvement in 

lower flow speed 

Structural failure 

may happen 

caused large 

amplitude in 

higher flow 

speed 
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Table 2-7 - Summary of Recent Flow-induced Vibration Energy Harvesters 

 Design Body Size 

(L*W*H)mm 

Bandwidth Flow Velocity  Power Output Reference 

VIV 

An asymmetric bending-

torsional harvester 

85*40*120 1.9 - 2.3m/s 2.1 m/s 405.9 𝜇𝑊 [88] 

Top and vertical cylinder 

design 

90*30*120 1.3 – 1.8m/s (case 2) 

2.2 – 4.4m/s (case 4) 

1.4 m/s 

3.7 m/s 

30 𝜇𝑊 

168 𝜇𝑊 

[89] 

Double-cylinder energy 

harvester 

200*20*20 2.84 – 4.46m/s 3.5 m/s 60 𝜇𝑊 [90] 

A hybrid piezo-dielectric 

harvester 

70*70*25 0.8-1.1m/s 1.05 m/s 117 𝜇𝑊 [92] 

A cylinder with a splitter 

plate design 

48*48*240 ≥  3m/s 7 m/s 12 V [93] 

Hybrid wind energy 

scavenging by coupling VIV 

and galloping 

170*400*400 ≥ 1m/s 4.2 m/s 13.45 V [94] 
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Galloping 

Funnel-shaped design 72*50*160 ≥ 7 m/s 7 m/s 4.3mW [99] 

T-shaped design 20*20*90 ≥ 4.8 m/s 12.25 m/s 21.23W [100] 

Y-shaped design 17.6*30*70 ≥ 1 m/s 5 m/s 1.5mW [101] 

Spindle-like and butterfly-

like design 

33*66*117 ≥ 1.5 m/s 2.92 m/s 8.02V [104] 

A curved plate design 35*35*100 ≥ 1.5 m/s 5m/s 35.6 𝜇𝑊 [105] 

Energy harvester with Y-

shaped attachments 

32*32*118 ≥ 0.9 m/s 1.8 m/s 0.576mW [85] 

A comb-like beam design 32*32*140 ≥ 2m/s 3 m/s 0.1245mW [102] 

Removable cuboid design 60*60*120 ≥ 1 m/s 12 m/s 10mW [103] 

Flutter 

Concurrent flutter and VIV 

harvester 

100*30*1 ≥ 3 m/s 13.69 m/s 17.94 V [109] 

Moving part flutter 

harvester 

- ≥ 15 m/s 25m/s 50mW [113] 

Buffeting 
Hydrokinetic piezoelectric 

energy harvesting 

28*14*0.3 ≥ 0.25 m/s 0.4 m/s 1074𝑊/𝑚3 [114] 
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The form of leaf design 500*500*0.1 ≤ 20 m/s 12.9 m/s 184 V [116] 
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2.4 The Study of Cantilever Beam 

The mainstream type of wind-induced piezoelectric energy harvesters design is to use 

aeroelasticity to generate vibration captured by cantilever beam. The typical structure of 

an aeroelastic energy harvester is shown in Figure 2.38. It consists of a cantilever beam and 

a vibrating body (oscillator), one end of the cantilever beam is fixed; the vibrating body is 

placed on the free end of the cantilever beam, and the piezoelectric device is placed on the 

surface of the cantilever beam. The cantilever beam as a mass-spring-damper system can 

transmit vibration, and can easily couple the mechanical collection structure with the 

electronic harvesting circuit [117]. The piezoelectric layer is fixed on the cantilever beam, 

and the piezoelectric layer harvests the stress and strain of the bending of the cantilever 

beam to generate the power output. The oscillator has a significate effect on energy 

harvesting; however, many studies show the geometry and parameter of the size of the 

cantilever beam are also relevant to power output. R. Hosseini and M. Hamedi proposed a 

triangular tapered cantilever beam, which has higher resonant frequency compared with 

the rectangular cantilever beam [118]. Hosseini et al introduced the strain distributed on 

varies geometry beam (rectangle, triangle and trapezoidal beam), the result showed that 

triangle has the greatest strain distributed, and is two times than rectangular beam [119]. 

The existing research on cantilever beams is mainly concentrated on the two types: triangle 

and trapezoidal, and other irregular shapes remain to be studied. And the existing research 

shows that the shape of the cantilever beam has a small impact on the performance of the 

piezoelectric energy harvesters, but it has a greater impact on the vibration frequency and 

amplitude of the oscillator. 

 

Figure 2.38 - A Typical Structure of the Aeroelastic Energy Harvester 

As shown in Figure 2.38, ℎ𝑝  and ℎ𝑠  are the thickness of the piezoelectric layer and a 

cantilever beam (substrate); L is the length of a cantilever beam; 𝑥1 and 𝑥2 are the distance 
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from both the edge of the piezoelectric layer to the base. The natural frequency and the 

internal moment will be represented in this section. In the formula derivation process, 

some boundary conditions and assumptions need to be set and made; therefore, it is 

necessary to show derivation steps. 

2.4.1 The Natural Frequency 

The beam’s stress (𝜎 ) and strain (휀 ) is represented by Equation 2.24, where M is the 

bending moment; I is the moment of inertia; y is the distance of neutral axis form the 

surface, and E is young’s modulus. 

𝜎 =
𝑀𝑦

𝐼
=

𝑀

𝐼/𝑦
 

휀 =
𝜎

𝐸
 

Equation 2.24 

In general, the working bandwidth of vibration energy harvesters usually are designed 

around structural its first natural frequency, because first natural frequency is the lowest 

resonance frequency and often produces the greatest amplitude and output power [120]. 

According to the Rayleigh method for the beam [118], a rule of thumb of first natural 

frequency can be expressed as follows. 

𝜔1 =
0.5678

𝐿2
√

𝐸𝑠ℎ𝑠
3

12 +
2𝐸𝑝ℎ𝑝

3

3 +
𝐸𝑝ℎ𝑝ℎ𝑠

2

2 + 𝐸𝑝ℎ𝑠ℎ𝑝
2

𝜌𝑠ℎ𝑠 + 2𝜌𝑝ℎ𝑝
 

Equation 2.25 

Where 𝐸𝑠 and 𝐸𝑝 are young’s modulus of substrate and the piezoelectric layer, and ℎ𝑠 and 

ℎ𝑝  are thickness of substrate and the piezoelectric layer. It’s worthy to noticed that 

thickness of piezoelectric is well smaller than the thickness of substrate, therefore, the 

effect of piezoelectric layer on natural frequency and vibration behaviour can be ignored 

in the following equations. Also, along with the stiffness of the beam, it is also assumed 

that the mass is dispersed on the beam. The rule of thumb of first natural frequency can be 

rewritten as: 
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𝜔1 = 0.1639
ℎ𝑠

𝐿2
√

𝐸𝑠

𝜌𝑠
 

Equation 2.26 

S. Rao [121] represented another equation (k-th mode) for beam’s first natural frequency 

as follows, where 𝜆𝑘 is eigenvalue calculated in Equation 2.28, and EI and m are beam’s 

flexural rigidity and mass per length. 

𝜔𝑘 = 𝜆𝑘
2√

𝐸𝐼

𝑚𝐿4
 

Equation 2.27 

1 + 𝑐𝑜𝑠𝜆𝑘𝑐𝑜𝑠ℎ𝜆𝑘 = 0 

Equation 2.28 

In the Equation 2.27, EI can be expressed as follows for rectangle cantilever beam, where 

B is the width of the beam. 

𝐸𝐼 =
𝐸𝐵ℎ𝑠

3

12
 

Equation 2.29 

In the vibration energy harvester, the cantilever beam does not exist alone, and the 

oscillating object (e.g., a bluff body or a cylinder) is fixed at the free end. Khurmi and Gupta 

[122] defines the concept of effective mass of cantilever beams and pointed out the 

equation for whole oscillator. The effective mass of the cantilever beam (𝑚𝑒𝑓𝑓) means that 

the beam of effective mass can still maintain the same vibration frequency with the same 

stiffness of the original beam and no tip mass. 

𝑚𝑒𝑓𝑓 =
3𝐸𝐼

𝐿3𝜔𝑤
2

 

Equation 2.30 

Total mass 𝑀𝑇  is equal to effective mass of cantilever beam plus the mass of the oscillating 

object. Therefore, the natural frequency of the whole oscillator (𝜔𝑊) can be obtained. 
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𝜔𝑊 = √
3𝐸𝐼

𝐿3𝑀𝑇
 

Equation 2.31 

2.4.2 The Internal Moment 

The beam is assumed to meet the Euler–Bernoulli theory or thin beam theory before 

calculating. The beam is well thinner, only subjected to lateral loads, and the beam's shear 

deformation and rotatory inertia have been ignored. The governing equation of motion for 

a cantilever beam with only effect by the front vibrating body can be represented as follows. 

𝜕2𝑀(𝑥, 𝑡)

𝜕𝑥2
+ 𝑚

𝜕2𝑍𝑟𝑒𝑙(𝑥, 𝑡)

𝜕𝑡2
= −

𝜕2𝑍𝑏(𝑥, 𝑡)

𝜕𝑡2
 

Equation 2.32 

Where 𝑀(𝑥, 𝑡) represents the internal moment, 𝑍𝑏(𝑥, 𝑡) and 𝑍𝑟𝑒𝑙(𝑥, 𝑡) are displacement 

at point x and time t of the base motion and transverse bending of neutral axis relative to 

its base respectively. The relationship between stress(𝜎), strain(휀) and electric field can be 

given by the piezoelectric constitutive relations for the substrate and piezoelectric layers 

as shown in Equation 2.33[117][123]. 𝐸3  is the applied electrical field, which can be 

expressed as 𝐸3(𝑡) = −𝑣(𝑡)/ℎ𝑝, where 𝑣 is the voltage. 

𝜎1
𝑃 = 𝐸𝑝(휀1

𝑃 − 𝑑31𝐸3) 

𝜎1
𝑆 = 𝐸𝑠휀1

𝑆  

Equation 2.33 

The width of the substrate and piezoelectric layer is assumed to be same, and the bending 

strain of the beam can be shown as 휀1 = −𝑦
𝜕2𝑍𝑟𝑒𝑙(𝑥,𝑡)

𝜕𝑥2 , therefore the internal moment can 

be rewritten shown in Equation 2.34. Then the equation can be reduced to by employing 

Equation 2.33 into Equation 2.34. 

𝑀(𝑥, 𝑡) = −∫ 𝜎1
𝑆𝐵𝑦𝑑𝑦 −

(ℎ𝑠/2)

−(ℎ𝑠/2)

∫ 𝜎1
𝑃

(ℎ𝑠/2)+ℎ𝑝

−(ℎ𝑠/2)

𝐵𝑦𝑑𝑦 

Equation 2.34 
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𝑀(𝑥, 𝑡) = 𝐸𝐼
𝜕2𝑍𝑟𝑒𝑙(𝑥, 𝑡)

𝜕𝑥2
+ 𝜛𝑣(𝑡)[𝐻(𝑥 − 𝑥1) − 𝐻(𝑥 − 𝑥2)] 

Equation 2.35 

Where 𝜛  is coupling term and can be expresses as 𝜛 = −𝐸𝑃𝐵𝑑31(ℎ𝑠 + ℎ𝑝) . In the 

Equation 2.35, because the piezoelectric layer is not fully covered the substrate, the second 

term of the equation multiplied 𝐻(𝑥 − 𝑥1) − 𝐻(𝑥 − 𝑥2) is the Heaviside function, which 

ensures the survival of this term when it is used in the governing equation of motion. Finally, 

the governing equation can be obtained by employing Equation 2.35 into Equation 2.32. 

𝐸𝐼
𝜕4𝑍𝑟𝑒𝑙(𝑥, 𝑡)

𝜕𝑥2
+ 𝑚

𝜕2𝑍𝑟𝑒𝑙(𝑥, 𝑡)

𝜕𝑡2
+ 𝜛𝑣(𝑡) [

𝑑𝛿(𝑥 − 𝑥1)

𝑑𝑥
−

𝑑𝛿(𝑥 − 𝑥2)

𝑑𝑥
] = −𝑚

𝜕2𝑍𝑏(𝑥, 𝑡)

𝜕𝑡2
 

Equation 2.36 

Where 𝛿(𝑥) is the Dirac delta function, can be calculated as follows[117]: 

∫
𝑑(𝑛)𝛿(𝑥 − 𝑥0)

𝑑𝑥(𝑛) 𝑓(𝑥)𝑑𝑥 = (−1)𝑛
𝑑𝑓(𝑛)(𝑥0)

𝑑𝑥(𝑛)

∞

−∞

 

Equation 2.37 

2.5 Conclusion and Research Gaps 

This chapter reviews three aspects step-by-step, and the main findings of this review are 

as follows.  

Firstly, different vibration energy harvesting methods are reviewed in Section 2.2. Through 

the review and comparison, it can be found that the building cost of electrostatic energy 

harvesters is relatively expensive, while the material cost of electromagnetic and 

piezoelectric energy harvesters is relatively expensive, although they do not require much 

building cost. In addition, in terms of energy conversion efficiency, the efficiency of 

electrostatic energy harvesters is relatively stable (13.33%), while the energy conversion 

efficiency of electromagnetic and piezoelectric energy harvesters mainly depends on the 

materials used. And also, in this section, a detailed review of the internal details of 

piezoelectric energy harvesters has been made in order to better understand the principle 

of piezoelectric kits and the operation of various components in piezoelectric energy 

harvesters. 
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Existing piezoelectric energy harvesters mainly rely on four different types of wind-induced 

vibrations to operate, so existing wind-induced vibrations are classified and compared in 

Section 2.3. The two most widely used vibrations are VIV and galloping. Relatively speaking, 

galloping has a wider wind speed operating range, while the energy harvesting efficiency 

of VIV will be reduced when the wind speed is too small or too large due to its different 

vibration principle. Therefore, galloping was determined as the research direction in 

subsequent studies. In addition, this section also determined the future development 

direction of various wind-induced vibrations, in which changing the front-end model of the 

piezoelectric energy harvester is an important future development direction of galloping, 

and a model that can vibrate in the galloping mode will be proposed in the subsequent 

chapters of this thesis. Finally, the research on cantilever beams can provide theoretical 

support for the future selection of cantilever beams and digital analysis. In Section 2.4, 

different calculation methods are integrated for the same parameters. 
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CHAPTER 3. METHODOLOGY 

3.1 Introduction 

In this chapter, a new design will be proposed, which is expected to be used as the front-

end model of the piezoelectric energy harvester and can be vibrated in a galloping manner. 

In this chapter, the inspiration and of the prototype of the new design will be discussed 

first, which will be made by a 3D printer, and in order to study the different variables in this 

design, multiple prototypes of different sizes will be printed and introduced in this chapter. 

In addition, the equipment and equipment used in the experiment will be introduced in 

this chapter, especially the two different piezoelectric kits that will be used in the following 

experiment to carry out comparative experiments. The introduction of the two 

piezoelectric kits and their related data will also be displayed in this chapter. In addition, 

unlike many other studies, in the following experiment, a force sensor will be used to record 

the force data of the model vibration process, so as to be able to more accurately compare 

the simulation results with each other. Other equipment used in the experiment will also 

be displayed, such as a wind tunnel and oscilloscope. 

Before conducting experiments on the model, in order to ensure that materials and 

experimental equipment are not wasted unnecessarily, an initial simulation verification will 

also be performed in this chapter. The initial simulation verification will first roughly prove 

that the design has the potential for having a better performance. The process and results 

of the preliminary simulation verification will also be shown in this chapter. Finally, the 

coupling equations of mechanics and electricity will be derived. 

3.2 Design 

The current piezoelectric harvesting devices are mainly based on the above four vibration 

types (Vortex-Induced Vibration, Flutter, Galloping and Buffeting). The power output and 

cut-in wind speed of a galloping-based piezoelectric energy harvester has been improved 

in these years. In this study, a novel design based on galloping will be shown. 
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3.2.1 Novel Design Idea 

Galloping generally occurs in the bluff body with angular and optimizing the body shape 

has become a mainstream study of galloping. The aim of optimizing the body shape is to 

create net lift force by generating the pressure difference between the upper and lower 

side to satisfy the galloping conditions. C. Zhou [105] proposed a curved plate shape design 

and analysed the effect of various lengths of the curved plate. In the experiment and 

simulation, the average power output of the structure of the curved plate, Square, 

Triangular, and D-Shaped are compared, and the average power of the Curved Plate is the 

highest. He pointed out that the design has better performance because of the bigger inner 

circulation, which forms below the shear layer of the curve plate’s both sides. The inner 

circulation can generate a high-pressure area alternately at the upper and lower sides; 

therefore, the pressure difference of both sides leads to net lift force acting. Moreover, the 

net lift force is small when the curve length is short; Inner circulation will not generate, and 

the shear layer will adhere to the curve body, if the curve length is too large (like a cylinder). 

Another interesting design is adding two splitter plates behind a cylinder to change 

vibration from VIV to galloping[93]. The experiment showed the design can increase the 

pressure difference significantly between the upper and lower side and has larger vibration 

amplitude. 

In this study, a reverse C shape with a tail design is proposed, and it is expected to have 

better performance by larger pressure difference between the upper and lower parts of 

the object. The tail structure is fixed in the middle of the C shape, and in this configuration, 

the vortex will not fall directly but will continue along the tail structure. It is expected to 

extend the time of the pressure difference to increase the power output. In addition, inner 

circulation will still generate because of the bluff body with angular, and the tail structure 

is expected to help inner circulation to generate higher pressure area. 

3.2.2 Prototype 

A reverse C shape with a tail design is shown in Figure 3.1. This structure consists of two 

parts. The front-end structure is a semi-circular structure with a diameter of D, and the 

back is a tail structure with a length of L. Due to the semi-circular design of the front end, 

the design is expected to generate a large drag force, and the material and the semi-circular 
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thickness of the design need to be considered. In this future study, various structure 

variables will be analysed, such as the diameter of the semi-circular, the length and width 

of the tail, etc. The design of the prototype is based on galloping, using the principle of 

galloping to collect energy in the case of a wider range of wind speeds. A cantilever beam 

will be connected to the end of the design; When the structure is vibrated, the energy 

harvest is achieved by the piezoelectric kit attached to the cantilever beam. The cantilever 

beam should vibrate as the first vibration mode in most conditions of piezoelectric energy 

harvesting; therefore, the piezoelectric kit will be placed at the fixed end to maximise 

power output. In addition, in order to avoid the impact of gravity, the direction of the wind 

is from left to right. 

 

Figure 3.1 - Top View of the Prototype 

3.2.3 Variables 

Prototype variables include as follow 

⚫ Tail length 

⚫ Curve diameter (ratio of curve diameter and tail length) 

⚫ Curve thickness 

⚫ Prototype width 

⚫ Cantilever beam stiffness 

To analyse the performance of the models in the real world, the 3D models was designed 

and printed by 3D printer (Prusa MK3S). In some other studies, some models are made of 

lighter metals, such as aluminium. In comparison, 3D printers can create models more 
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efficiently, and models created do not need to be assembled. Polylactic acid (PLA) as a 

material used in the 3D printer has better mechanical performance, and its young's module 

is around 2.7GPa, which is enough for the experimental requirements in this study. 

The modules created by the 3D printer are divided into three series, T series, R series and 

A series (Figure 3.2). Firstly, the T series was created to verify the effect of the tail on energy 

harvesting. The size of the T1 is the same as that of the Curved Plate proposed by C. Zhou, 

and T2 adds a tail with a length of 22.75mm based on T1. A study on the splitter plates 

behind the cylindrical bodies by J. Song et al. shows that when the ratio of the cylindrical 

diameter and the splitter plates is equal to 0.65, the harvester has the best performance. 

Although the prototype is semi-circular instead of a cylinder in this study, the tail length of 

the T2 is still set as 22.75mm (35mm × 0.65) in the comparison of the T series. 

The A series is manufactured to analyse the impact of the length of the tail on the 

harvester's performance. It contains the five models of A1 to A5. For the convenience of 

future manufacturing, the value of the tail length should be an integer. Therefore, when 

designing the A series, the inter diameter of the five models is adjusted to 40mm. The tail 

length of this series is 10mm, 20mm, 26mm, 30mm, and 40mm, respectively, 

corresponding to the ratio of the diameter to the length of the tail 0.25, 0.5, 0.65, 0.75, and 

1. 

Before designing the A series, the R series was first designed. The R series was originally 

planned to be produced in a total of five models, and the length of the tail is the same as 

the five models of the A series. However, the curved thickness of the R series is only 0.5mm 

which is the same as the T series, and it is only a thin layer of material in 3D printing. In 

multiple printing, other models except R1 and R2 are printed failed or cannot maintain their 

structure due to too thin curve thickness. Therefore, the A series was adjusted from 0.5mm 

to 2mm on the thickness of the curve. The R1 and R2 can be compared with A4 and A5 to 

study the effects of the curve thickness on the performance of the harvester. 

The prototype's width determines the model's windward cross-sectional area. In general, 

the longer the width, as the cross-sectional area increases, the larger the harvested energy 

and the greater the drag force to the model. In addition, a rear-mounted hole is attached 

to the back of models, which is used to connect a model and the cantilever beam. The 
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thickness of the model tail is set to 4mm to ensure the stability of the joint between the 

model and the cantilever beam. The three series model specifications are shown in Table 

3-1. 

 

 

Figure 3.2 - Different Series Model for the Experiment 

Table 3-1 - Experimental Models Specifications 

Model 

Code 

Curve Thickness 

(mm) 

Curve Inter Diameter 

(mm) 

Tail Length 

(mm) 

Width 

(mm) 

T1 0.5 35 0 100 

T2 0.5 35 22.75 100 
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R1 0.5 40 30.00 150 

R2 0.5 40 40.00 150 

A1 2 40 10.00 150 

A2 2 40 20.00 150 

A3 2 40 26.00 150 

A4 2 40 30.00 150 

A5 2 40 40.00 150 

The cantilever beam plays a significant role in the piezoelectric energy harvester with a 

cantilever beam. The front-end model drives the cantilever beam vibration, and the 

cantilever beam will transmit vibration to the piezoelectric kits attached to it. The vibration 

of the piezoelectric energy harvesters is mainly based on the first mode of natural 

frequency, so the cantilever beams with a lower natural frequency of the first mode are 

usually selected. The vibration frequency of a cantilever beam is related to its mass and 

stiffness. In many other studies, metal cantilever beams, especially aluminium beams, have 

been used due to their low density and good ductility. In this study, two cantilever beams 

will be used for testing to study the impact of the stiffness of the cantilever beam on the 

energy harvester so as to select the most suitable cantilever beam. The specific parameters 

of the cantilever beam are shown in Table 3-2, where the plastic cantilever beam is printed 

by a 3D printer. 

Table 3-2 - Cantilever Beams Specifications 

Length Width Thickness 

180 mm 10 mm 1.4 mm 

Beam Material Aluminium Plastic (PLA) 

Density 2.7 g/cm3 1.25 g/cm3 

Young's module 70 GPa 2.7 GPa 
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3.3 Experiment 

3.3.1 Piezoelectric Layer 

In this study, there is two piezoelectric kits are chosen to be compared, TE connectivity 

(LDT0-028K) and Smart Material (M-2807-P2). LDT0-028K piezoelectric kit is made of 

Polyvinylidene fluoride (PVDF), and the piezoelectric film of the kit is covered by mylar and 

acrylic coating. A report written by Orrego et al.[124] showed the cross-section of another 

similar piezoelectric film (LDT4-028K/L) by light microscope and tested the relationship 

between stress and strain as shown in Figure 3.3. PVDF is covered by laminated Ag-ink 

electrodes and polyester substrate (PET). According to the piezo film sensors technical 

manual of the manufacturer [125] (Table 3.1), both kits are the same except for the 

dimension of each layer. Therefore, the property data of LDT4 can be referenced for this 

study, in order to understand the microstructure better. The manufacturer also gave the 

relationship between tip deflection and voltage (see Figure 3.4). It shows that the voltage 

could be generated 7V by 2mm of the tip deflection. And manufacturer points out that the 

maximum voltage is above 70V when the bending angle achieves 90 degrees. 

 

Figure 3.3 - LDT0-028K Structure [125]. 

Table 3-3 - The Dimension Comparison of LDT0 and LDT4 [125]. 

Model Number Dimension of PVDF Film 

(L×W×H) 

Dimension of Electrode 

(L×W) 

Total Thickness  

LDT0-028K 25mm×13mm×28µm 23.5mm×10.2mm 0.2mm 

LDT4-028K 171mm×22mm×28µm 156mm×19mm 0.2mm 
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Figure 3.4 - Relationship of Tip Deflection and Voltage (LDT0-0.28K) [125]. 

M-2807-P2 is made of Lead zirconate titanate (PZT), the covering is polyimide film, and the 

piezoceramic fibres are fixed in the middle of the device. The piezoelectric kit comprises 

polyimide film, electrodes, and rectangular piezo ceramic rods sandwiched between 

adhesive layers. Because of the interdigitated design of the electrodes attached to the film, 

the applied voltage is transferred directly to and from the ribbon-shaped rods as shown in 

Figure 3.5 [126]. Connecting wires to the electrodes of the kit is a challenge because a 

composite made of plastic is below the electrodes. If the soldering process is too long or 

too hot, the electrode will fall off due to the plastic becoming soft and failing to bind with 

the substance of the sputtering electrode.  

According to the datasheet of both piezoelectric kits, some key parameter is shown in Table 

3-4, and it clearly shows that the piezoelectric kit based on the PZT piezoelectric kit (M-

2807-P2) have better performance in an electric field, which has Strong piezoelectricity and 

higher capacitance. However, in actual use, in addition to having excellent piezoelectric 

performance, piezoelectric materials also need to have certain bending resistance and 

stiffness in order to be able to withstand the repeated high-frequency vibration of the 

structure. Therefore, it can be seen that the PVDF piezoelectric kit (LDT0-028K) is more 

prominent in mechanical performance. In the following experiments, the performance of 

the two piezoelectric materials will also be evaluated. 
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Figure 3.5 - M-2807-P2 Structure [126]. 

Table 3-4 - Parameters of Two Piezoelectric Kits [126]. 

Piezoelectric Kits NO. LDT0-028K M-2807-P2 

Dimensions (mm) 25 × 13 × 0.2 37 × 10 × 0.3 

Density (kg/m) 1780.00 114.24 

Yield Strength (GPa) 50.0 30.3 

Poisson’s Ratio 0.34 0.31 

Capacitance (𝜌𝐹) 500 15110 

Piezo Strain Constant d31 (𝜌C/N) 23 -170 

Piezo Strain Constant d33 (𝜌C/N) -33 400 

The main difference between the piezoelectric kits used in the experiments is the 

piezoelectric material, PVDF and PZT. The experiment will compare the performance of 

both kits, and the one with high power output will be chosen. On the other side, although 
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the output power of the two piezoelectric kits is different, the output power trend at 

different wind speeds should be roughly similar. Therefore, using two different 

piezoelectric kits to harvest energy respectively in the experiment can also reduce the 

experimental error to avoid incorrect results caused by the failure of the piezoelectric 

material. 

3.3.2 Wind Tunnel 

The experiment carried out in the wind tunnel laboratory of the Heart Space building at the 

University of Sheffield. As shown in the Figure 3.6, the wind tunnel laboratory generates 

high-speed wind by rotating the rotor at high speed. In theory, the highest wind speed can 

reach 22m/s, but because it is not a closed-loop wind tunnel, factors such as site restrictions 

are considered when using it. The test wind speed in the study will be from 2m/s to 10m/s. 

For the United Kingdom, the annual average wind speed at sea level is about 4.3m/s [107]. 

This test range can cover wind speed in most areas. The working section of the wind tunnel 

is in the middle, and its dimension is 1.2×1.2×3 m3. There are a ‘doors’ of the working 

section in the back, which allow to place the experimental device inside. Besides, an 

adjustable mounting point is in the middle, and the models can be fixed at the point. Other 

parameters of the wind tunnel can be seen in Table 3-5. 

 

Figure 3.6 - Wind Tunnel 
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Table 3-5 - Specifications of Axial Flow Fan and Wind Tunnel 

Minimum Velocity 3 m/s or 130 rpm 

Maximum Velocity 12 m/s or 500 rpm 

Contraction Ratio 6:1 

Turbulence intensity 0.5% (can be increased if required) 

Reynolds Number / m 1,200,000 

Unsteady gust generation +/-15% at 10m/s at 2Hz 

Fan diameter 1850 mm 

Volume 31.1 m3/sec 

Pressure 505 Pa 

Fan abs. Power 27.2 Kw 

 

Its operating process is as follows: 

⚫ Make sure no loose things are present by looking inside the wind tunnel. 

⚫ Verify that the thumb screw has been used to secure the sting in the proper location. 

The pitch angle may be changed using the black handwheel located below the wind 

tunnel. 

⚫ Make that the test model is securely fastened to the multi‑axis transducer plate using 

bolts or Araldite, as the multi‑axis transducer is highly delicate. 

⚫ Before shutting the door and turning on the fan, a visual check of the interior through 

the glass will be done to ensure nobody is inside. Lock the latch on the wind tunnel 

door and close it. 

⚫ Verify that the Manometer is connected to the Pitot tubes. Turn it on by pressing the 

red button. 

⚫ Verify that no one is positioned in front of the fan. 

⚫ Isolator on and wait for the inverter to start up. 

⚫ press the green button to start. 
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⚫ The motor's speed may be adjusted with the Up and Down Arrows. 

⚫ Reduce the motor speed before the ultimate switch-off, as the Isolator will restart at 

the previous speed setting. 

⚫ Press the Red button to stop the Wind Tunnel motor. 

⚫ Turn off the Isolator, Manometer, and lights and shut down the computer. 

3.3.3 Measure Devices 

A digital oscilloscope (TBS 1072B) is selected to measure and record piezoelectric kit power 

output as shown in Figure 3.7. A digital oscilloscope can build a waveform by digitizing the 

signal, which has the function of recording and storing the signals. It can be used to observe 

and compare the single process signals, low-frequency signals, and signals observed at 

different times and different places at different times. The key performance specifications 

are shown in Table 3-6. The vibration frequency of models is predicted below 10Hz. 

According to the sampling theory, aliasing will not happen when the sample rate is more 

than two times higher than the high-frequency component of the signal. Therefore, the 

oscilloscope is suitable for measurement in this study, because the bandwidth models and 

sample rate are much higher than the vibration frequency predicted. 

Electrodes of piezoelectric kits can be connected with the oscilloscope's two-channel by 

probes. In the original plan, a passive voltage probe (50 MHz) and a current probe will be 

connected to two channels. The current probe is replaced with an external resistance load 

due to the expensive cost of the current probe, and the overall power output will be 

calculated by the voltage drop and resistance load. Cheng-Feng Zhou et al. studied the 

effect of an external resistance load on power output, showing power output is almost 

steady after the load is over 820kΩ [105]. In order to facilitate subsequent calculations and 

analysis, the external resistance of 1MΩ will be used in this study. 
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Figure 3.7 - Digital Oscilloscope and Screen 

Table 3-6 - Key Performance Specifications for TBS 1072B Oscilloscope 

Bandwidth models 70 MHz 

Channel 2-channel 

Sample rate 2 GS/s 

Record length 2.5k point 

In addition, a pitot tube connected to the manometer was placed in the wind tunnel, as 

shown in Figure 3.6. The wind speed of the wind tunnel can be changed by adjusting its fan 

rotation speed. Although the look-up table of fan rotation speed and wind speed is given, 

it can more accurately verify whether the wind speed reaches the expected wind speed. 

A multi‑axis transducer (ATI: nano 43) is placed on an adjustable mounting point of the 

wind tunnel, and the transducer can measure force and torque on all six-axis. A transducer, 

high-flex cable insulated, and intelligent data acquisition system make up the whole 

transducer system (Ethernet/Device Net interface or F/T controller), as shown in Figure 3.8.  

In most piezoelectric energy harvesters' experiments, the vibration frequency, voltage 

output and power output of the harvester are used as important conditions to measure 

whether the harvester's performance is excellent. The vibration frequency of the harvester 

can be determined according to the change of voltage output, or it is determined by a high-

speed camera. The electrical data can be collected by a corresponding device, like an 

oscilloscope. Generally speaking, in order to better determine the performance of a 

piezoelectric energy harvester design, simulation software is usually used to observe the 
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in the experiment, the model of the energy harvester is expected to vibrate in the 

horizontal direction, which means that the cantilever beam is vertical. Therefore, the 

mounting interface plate needs to be designed to fix the one end of vertical cantilever beam 

to the horizontal transducer. A mounting interface plate is made by 3D printer as shown in 

Figure 3.8.  

Table 3-7 - Nano43 Transducer Specifications. 

Single-Axis Overload (Fxy) ± 300 N 

Single-Axis Overload (Fz) ± 380 N 

Single-Axis Overload (Txy) ± 3.2 Nm 

Single-Axis Overload (Tz) ± 4.6 Nm 

Resonant Frequency (Fx, Fy, Tz) 2800 Hz   

Resonant Frequency (Fz, Tx, Ty) 2300 Hz   

Weight 0.0387 kg   

Diameter 43 mm   

Height 11.5 mm   

The operation screen of the whole transducer system is shown in Figure 3.9, and its 

operating process is as follows 

⚫ After installing the model, check whether the data acquisition box connected to the 

computer is FT12384, and check whether the indicator light of the system box is green 

(green represents normal power supply). 

⚫ Check whether the screws of data acquisition box and cable are tightened. 

⚫ Open the Lab view (Lift, Drag, Torque) program on the computer and check whether 

the "Calibration File" value is also FT12384. 

⚫ Select the output folder. 

⚫ Run the program and set zero scale. 

⚫ Before running the wind tunnel, stop the program running and select the output 

sample number. 
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⚫ Run the program again and collect data. 

 

Figure 3.9 - The Operation Screen of the Transducer System. 

3.4 `Modelling 

Before the start of the following study, in order to verify the feasibility of new design and 

avoid waste experimental time and equipment, the initial simulation verification will be 

performed. The initial simulation verification will compare the three existing models 

(square, cylinder and curve plate) and new models under the same conditions in order to 

determine that the study has research value. The four model configurations were created 

in 2D to compare the improvement and were established and analysed using 

computational fluid dynamics (CFD). Ansys 2021R2 Fluent was used for the process. 

3.4.1 Geometry 

In the initial simulation verification, the performance of the four models in the fluid will be 

compared in the fluid, namely the cubic, cylindrical, curve plate and curved body with tail. 

cubic and cylinder are typical models of galloping and VIV respectively, and a curve plate 

has been pointed out that has better performance. Through initial simulation verification, 

on the one hand, the performance of the design of the curve plate can be verified, and on 

the other hand, it can be preliminary verification whether the design of a curved body with 

tail design has the potential for research. The main body (Square, Circle, Curve and Curve 
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with tail) was enclosed within a rectangle of dimensions 200 x 100cm, and the centre of 

the curve was set at a rectangular horizontal middle line and had a 50cm distance from the 

left side of the rectangle, as shown in Figure 3.10. The geometry size allowed the dominant 

flow features to be enough to capture and avoid the air streamlining near the wall affecting 

the bluff body. 

 

Figure 3.10 - Four Design of Initial Simulation Verification. 

In the simulation, in order to ensure that the four designs can be effectively compared, 

their feature length is set to the same value (square edge length, circular diameter, semi-

circular diameter). Model 3 and Model 4 are composed of semi-circular with a thickness of 

1mm.  The ratio of the semi-circular diameter and the tail length is 0.65, according to the 

study of the splitter plates of the cylinder. The parameters of the model and fluid in the 

simulation are shown in Table 1. 

Table 3-8 - Parameter of Simulation Models and Fluid. 

Parameter Value Unit 

Feature Length 20 mm 

Tail Length 13 mm 

Enclosed Rectangle Length 200 mm 
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Enclosed Rectangle Width 100 mm 

Fluid Density 1.225 kg/m3 

Fluid Viscosity 1.79E-05 kg/m-s 

3.4.2 Mesh Generation 

The triangles method was used for the rectangular fluid domain. Because the initial 

simulation verification could indicate whether the study has future research value, the 

priority was to ensure the results' accuracy. As shown in Figure 3.11, in order to ensure that 

the average unit quality is higher than 0.95, the overall mesh number was intensive. The 

number of mesh elements around the main body was increased as a better display of fluid 

performance. 

 

Figure 3.11 - The 2D Simulation Models. 

The top and bottom boundaries of the rectangle were set as a fixed wall, and the airflow 

direction was perpendicular to the inlet boundary. The left and right boundaries of the 

rectangle were set as velocity inlet and pressure outlet respectively. 

Before the subsequent simulation, the mesh quality was evaluated. As the mesh-created 

procedure is similar for the four models, the following evaluation takes the curve plate 

model as an example. 
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⚫ The aspect ratio of the model is 1.2. The aspect ratio is essential for measuring the 

mesh's quality. It shows the ratio of the triangle's longest and shortest edges, and mesh 

quality is the best when it's equal to 1. 

⚫ Jacobian Ratio (Corner Nodes) is 1. Its range is from -0.1 to 1. It is used to judge the 

high curvature and distortions of the elements. The value is better to close to 1. It will 

lead to a severe mesh division failure if the value is near to 0 or negative. 

⚫ The value of skewness is also one of the primary evaluations of the quality of the mesh 

in the mesh structure. The skewness indicates the proportion of mesh structures 

resembling their ideal form or shape. In the simulation, the value is excellent (0.05), 

according to Figure 3.12. 

⚫ Moreover, orthogonal quality was also excellent for the mesh quality evaluation (0.97). 

⚫ The number of mesh elements is 169275. 

⚫ The average element quality is 0.97. 

 

Figure 3.12 - Important Criteria Spectrum (Skewness and Orthogonality). 

3.4.3 Solver Settings 

Compared with several viscosity models, although the time consumption of the Spalart-

Allmaras model is relatively small, it's not accurate. The average wind speed in the UK is 

about 4-6m/s, and the Reynold number obtained by the wind speed is about 50,000. The 

k-omega model is not suitable for this simulation because of the larger Reynold number. 

Although Reynolds Stress equation model is more accurate, the time cost is too high for 

the simulation of 2D geometry. Finally, for the three k-epsilon, the standard K-Epsilon 

model was selected, because of its computational accuracy and time consumption. The 

comparison and description of various viscous models are shown in Table 3-9. 
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The turbulence intensity was 5%, and the turbulent viscosity ratio was 10. Two monitors 

(lift coefficient and drag coefficient) were applied to the body. Two models were simulated 

within the same conditions with 4m/s of inlet boundary velocity. 

Table 3-9 - Comparison of Various Viscous Models. 

Viscous Model Description Characteristic 

Spalart-Allmaras This model is often used in 

aviation fluid calculations. It is 

extremely effective for the 

simple fluid flow with a 

relatively simple geometry, and 

because the model is a 

unilateral model, it can save 

computing resources. 

⚫ Less amount of calculation 

⚫ Has a good effect on simple 

boundary problems 

⚫ Calculation results are not 

widely tested, and the lack of 

sub -models 

Standard k-휀 

k-epsilon is the most widely 

used turbulence model 

especially in industrial flow 

computing. It includes three 

forms: standards k-epsilon 

model, RNG k-epsilon model, 

and Realizable k-epsilon 

model. 

⚫ More applications 

⚫ Moderate amount of 

calculation 

⚫ Accumulated a lot of data and 

is very accurate 

⚫ The result of complicated 

flowing simulation such as 

large curvature is not good 

RNG k-휀 ⚫ Simulate moderate complex 

flows such as separation flow, 

rotation flow, and jet-flow 

⚫ Limited by the eddy-viscosity 

hypothesis 

Realizable k-휀 ⚫ Similar with RNG k-epsilon 

⚫ Better simulate the problem of 

jet-flow 
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⚫ Limited by the eddy-viscosity 

hypothesis 

Standard k-𝜔 
This model is also a two - 

equation model, which 

includes two types, standard k-

omega and SST k-omega. In 

the flow computing, it is 

usually compared with the SA 

model. 

⚫ Better performance for flow of 

lower Reynolds number 

⚫ Suitable for flow with boundary 

layer separation in reverse 

pressure gradient 

⚫ More amount of calculation 

SST k-𝜔 ⚫ Similar with standard k-omega 

⚫ Not suitable for free shear flow 

Reynolds Stress It is the typical turbulent 

model. The eddy-viscosity 

hypothesis is avoided. 

⚫ Higher CPU and time utilization 

⚫ Suitable for complex 3D flow 

The other simulation solution method setting is set because of balancing the accuracy and 

saving computational resource, which is shown in Table 3-10. 

Table 3-10 - The Simulation Solution Method 

Solution Catalogue Solution Method Used 

Pressure-Velocity Coupling Simple Scheme 

Spatial Discretization 

 

Second Order Pressure and Momentum 

First Order Upwind Turbulent Kinetic Energy 

First Order Upwind Turbulent Dissipation Rate 

Transient Formulation Second Order Implicit Option 

3.4.4 Validation 

Four models are simulated at 4m/s, and their lift coefficients will be compared. The 

following Figure 3.13 shows the comparison of three models: rectangular, semi cycle and 

curved plate. The Figure shows the lift coefficient of the three models when the vibrated 

becomes stable so that it can have a better comparison of the vibration amplitude. It clearly 
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shows that the curved plate design (yellow line) has a higher lift coefficient. This result is in 

line with the previous C. zhou's research results, which also verifies the results of research 

on the curved plate. 

 

Figure 3.13 - Lift Coefficient of Rectangular, Cycle and Curved Plate at 4m/s. 

For better observation, the comparison of the new design (a reverse C shape with a tail) 

and the curved plate design is shown in Figure 3.14. The blue line represents the lift 

coefficient of the curved plate, and the orange line is for the new design. The design shows 

a better response time and has a more significant lift coefficient than the curved plate 

design at 4m/s. This verification proves that the new design may have better performance 

and has the value and potential of continuing research. Further detailed simulation 

research will continue in Chapter 5. 
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Figure 3.14 - Lift Coefficient of Curved Plate and New Design at 4m/s. 

3.5 Mechanical and Electrical Circuit Coupling Equation 

The following piezoelectric constitutive equation (Equation 3.1) is utilised to construct the 

mechanical and electrical circuit coupling equation. where 𝐷3 is the electrical displacement 

and 휀33
𝑇  is the permittivity at constant stress. 

𝐷3 = 𝑑31𝜎1 + 휀33
𝑇 𝐸3 

Equation 3.1 

The permittivity at a constant strain can be obtained by 휀33
𝑇 = 휀33

𝑆 + 𝑑31𝐸𝑃, and it needs to 

be used to replace the permittivity at a constant stress when expressing the electrical 

parameters equation. The voltage across the piezoelectric kit is calculated by 𝐸3(𝑡) =

−𝑣(𝑡)/ℎ𝑃. Therefore, the equation of electrical and the permittivity at constant strain can 

be rewritten as follows. 

𝐷3 = 𝑑31𝐸𝑝휀1(𝑥, 𝑡) − 휀33
𝑆

𝜈(𝑡)

ℎ𝑃
 

Equation 3.2 

The following equation (Equation 3.3) can be used to express the average bending strain at 

time 𝑡 and position 𝑥. After combining Equation 3.2 and Equation 3.3, the piezoelectric 

constitutive equation can be rewritten, as shown in Equation 3.4. 
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휀1(𝑥, 𝑡) = −(
ℎ𝑠

2
+ ℎ𝑃)

𝜕2𝑍𝑟𝑒𝑙(𝑥, 𝑡)

𝜕𝑥2
 

Equation 3.3 

𝐷3 = −𝑑31𝐸𝑝 (
ℎ𝑠

2
+ ℎ𝑃)

𝜕2𝑍𝑟𝑒𝑙(𝑥, 𝑡)

𝜕𝑥2
− 휀33

𝑆
𝜈(𝑡)

ℎ𝑃
 

Equation 3.4 

By integrating the electrical displacement over the piezoelectric area from x1 to x2, the 

electric charge in the piezoelectric kit can be expressed. 

𝑞(𝑡) = ∫𝐷3
⃗⃗ ⃗⃗ ∙ �̃�𝑑𝐴 = −∫ (𝑑31𝐸𝑃 (

ℎ𝑠

2
+ ℎ𝑃)𝐵

𝜕2𝑍𝑟𝑒𝑙(𝑥, 𝑡)

𝜕𝑥2
+ 휀33

𝑆 𝐵
𝑣(𝑡)

ℎ𝑃
) 𝑑𝑥

𝑥=𝑥2

𝑥=𝑥1

 

Equation 3.5 

where 𝐷3 is the vector of electric displacement and �̃� is the unit outward normal. And the 

following equation shows the current generated by the piezoelectric kit. 

𝑖(𝑡) =
𝑑𝑞(𝑡)

𝑑𝑡
= −∫ (𝑑31 (

ℎ𝑠

2
+ ℎ𝑃)𝐸𝑝𝐵

𝜕3𝑍𝑟𝑒𝑙(𝑥, 𝑡)

𝜕𝑥2𝜕𝑡
)𝑑𝑥

𝑥=𝑥2

𝑥=𝑥1

−
휀33

𝑆 𝐵(𝑥2 − 𝑥1)

ℎ𝑃

𝑑𝑣(𝑡)

𝑑𝑡
 

Equation 3.6 

It can be seen from the above equation that the formula of the current generated by the 

piezoelectric kit is composed of two parts. The first part is related to the vibration of the 

cantilever beam, and the second part is related to the voltage across the piezoelectric film. 

In the second part, the decisive part (휀33
𝑆 𝐵(𝑥2 − 𝑥1)/ℎ𝑃) is called the capacitance of the 

piezoelectric kit, which is connected to the resistance load. So, the second part is related 

to the performance of the piezoelectric kit itself. The equation of voltage output is 

expressed as follows, according to Equation 3.6.  

𝑣(𝑡) = 𝑅𝐿𝑖(𝑡) = −𝑅𝐿 [∫ (𝑑31 (
ℎ𝑠

2
+ ℎ𝑃)𝐸𝑝𝐵

𝜕3𝑍𝑟𝑒𝑙(𝑥, 𝑡)

𝜕𝑥2𝜕𝑡
)𝑑𝑥

𝑥=𝑥2

𝑥=𝑥1

+
휀33

𝑆 𝐵(𝑥2 − 𝑥1)

ℎ𝑃

𝑑𝑣(𝑡)

𝑑𝑡
] 

Equation 3.7 



94 

 

The above equation can be rewritten as follows. 

𝑑𝑣(𝑡)

𝑑𝑡
+

ℎ𝑃

휀33
𝑆 𝐵(𝑥2 − 𝑥1)𝑅𝐿

𝑣(𝑡) = −
𝑑31 (

ℎ𝑠
2 + ℎ𝑃)𝐸𝑝ℎ𝑃

휀33
𝑆 𝐵(𝑥2 − 𝑥1)

∫
𝜕3𝑍𝑟𝑒𝑙(𝑥, 𝑡)

𝜕𝑥2𝜕𝑡
𝑑𝑥

𝑥=𝑥2

𝑥=𝑥1

 

Equation 3.8 

The general mechanical and electrical circuit coupling equation (Equation 3.8) for a 

cantilevered piezoelectric harvester under transverse vibrations is applicable to the 

harvesters that are partially or completely coated by piezoelectric films. 

3.6 Considerations and Market Analysis 

This section provides a multi-faceted analysis of the practicality of the design in this thesis, 

including considerations of lifespan, cost, and potential competitors. 

The design incorporates basic mechanical components and piezoelectric kits with a lifespan 

of up to 12 years for the piezoelectric kits [127]. However, during the energy harvesting 

process, the basic structure of the design undergoes continuous vibration. In the 

experimental phase discussed in Chapter Four, there were instances of fracture in the 

cantilever beams due to metal fatigue. In practical applications, more robust cantilever 

beams such as brass or plastic can be used to extend the lifespan of the structure. 

Additionally, the cantilever beams in the design are easily replaceable as they are fixed to 

the front structure and piezoelectric kits using screws and adhesives. Therefore, the overall 

estimated lifespan of the design is 12 years or more. 

The cost of typical energy harvesting devices consists of construction and maintenance 

expenses. For this design, the construction cost mainly includes the structural cost and the 

cost of the piezoelectric kits. The M-2807-P2 piezoelectric kit used in this thesis has an 

individual cost of approximately £40, while the LDT0-28K piezoelectric kit cost is cheaper, 

around £2 per unit [126],[125]. The structural cost, including the circuitry, is approximately 

£10. Apart from the potential need to replace the cantilever beams in case of fracture, this 

design has minimal additional maintenance costs. The price of a single cantilever beam is 

approximately £2 per year. 
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Lastly, small-scale solar photovoltaic panels appear to be potential competitors. However, 

solar panels are ineffective during nighttime or in low-light conditions, and typically a 

combination of wind and solar energy is employed to ensure continuous functionality. The 

cost of the design is lower than that of small-scale wind turbines, and its structure allows 

for easy disassembly. The output power of small-scale wind turbines is proportional to the 

surface area of their rotor [128], and therefore, there is potential for this design to serve 

as a supplementary energy source to solar photovoltaic panels, replacing small-scale wind 

turbines. 
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CHAPTER 4. EXPERIMENT 

4.1 Introduction 

The reverse C Shape with a tail design model are composed of three aspects: the model's 

shape, the cantilever beam and the energy collection device (piezoelectric kit). Although 

the initial simulation verification (chapter 3.4) proves that the design (curved body with tail) 

may have better performance than other designs, the result still requires experimental 

verification. And the research on the shape of the design model is also another new 

direction worthy of research, such as the length of the tail, and the thickness of the curved 

body. In most energy harvesters' research, selecting cantilever beams is single or fixed. 

Generally, aluminium cantilever or brass cantilever beams are always selected. But in fact, 

the material of the cantilever beams has an important effect on the performance of the 

energy harvester, so the research should also be carried out in the experiment. Finally, as 

an important part of an energy harvester, the piezoelectric kit transforms mechanical 

kinetic energy into electrical energy.  

In this chapter, the performance of the design will be verified through experiments and 

optimizing the model based on the performance. The study of the shape of energy 

harvesters is divided into three parts. First, the effect of the tail will be tested using T series 

models; after that, the A Series will be used to test the effect of the tail length; finally, the 

R series models will be tested to verify the effect of the thickness of the curved body. Three 

series models will be tested in the wind tunnel, respectively. In addition, in this chapter, 

the experiment will be planned to study the cantilever beam of the energy harvester to 

verify the effect of the cantilever beams of different materials on the energy harvester. 

Finally, the energy harvester relies on the piezoelectric kits on the cantilever beam to 

harvest energy. Therefore, the selection of the piezoelectric kits is also critical. At the end 

of this chapter, different piezoelectric sheet will be studied, so that the most suitable 

piezoelectric kits will be determined through this study. 
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4.2 Effect of Tail  

4.2.1 Experimental purpose and requirements 

The main difference between new design and existing design is to add tails to the curved 

body. This section will verify the effectiveness of the new design and analyse the 

performance of new design through experiments. As the first experiment, the T series 

model will be used for experiments. The parameters of two models (T1 and T2) of the T 

series are similar. Except for the T2 model, the tail structure of 22.75mm is added behind 

the curve body. The comparison of the T1 and T2 models mainly evaluates through the 

three aspects of lift force, vibration frequency and voltage output. The experiment's main 

purpose is to verify whether the new design can improve the performance of the energy 

harvester at different wind speeds in order to prepare for subsequent experiments. 

4.2.2 Experimental Device and Setup 

The lift force data of the experiment will be collected by the force sensor, and the voltage 

output data will be collected by an oscilloscope. After the experiment, the parameters of 

new design models will be further studied. Therefore, in this experiment, only the voltage 

output of the T series models is collected and analysed, and the energy output of the 

models will be studied in the subsequent section.  

The initial plan was to test the model at a wind speed of 1-10m/s, but in the experiment, it 

was found that because the front curved body surface of the T series models was very thin, 

only 1mm. The experiment at a higher wind speed can easily cause the model structure to 

break, thereby damaging the wind tunnel. The average wind speed of the UK is about 4-

6m/s, so in this and subsequent experiments, the experimental wind speed is set to 3m/s-

7m/s. In addition, in order to fix the cantilever beam on the transducer, a mounting 

interface plate has been designed and made by a 3D printer (Figure 4.1). However, due to 

the limitation of the transducer below, a screw hole for fixing the mounting interface plate 

and transducer is located below the cantilever beam. Therefore, it has to be checked before 

the experiment to prevent experimental error caused by the connection between the 

screw and cantilever beam due to gravity reasons. 
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Figure 4.1 - A Mounting Interface Plate for Connecting Transducer and Cantilever Beam. 

The experimental setup steps are listed as follows. 

⚫ Fix a mounting interface plate on the Nano 43 transducer. 

⚫ place and glue the piezoelectric kit (LDT0-028K) on the end of an aluminium cantilever 

beam. 

⚫ Use two screws to fix the end of the cantilever beam to A mounting interface plate to 

ensure the cantilever beam's fixing. 

⚫ Use a screw to fix the model to the other end of the cantilever beam. 

⚫ Connect the piezoelectric kit with two oscilloscope probes. 

4.2.3 Experimental Steps 

⚫ Make sure the model is in a stable state, and the cantilever beam is not contacted with 

a mounting interface plate except for two screw fix points. 

⚫ Open the wind tunnel and set the wind speed to 3m/s. 

⚫ After 10-20 seconds, wait for the vibration amplitude to stabilize, open the Nano 43 

sensor and the oscilloscope, and record the force data. 

⚫ Record the data for 10 seconds and stop recording. 

⚫ Turn off the wind tunnel, save the data, repeat the first step of the operation, and 

adjust the wind speed to 4ms, 5m/s, 6m/s, and 7m/s respectively in the following 

repeat experiments. 

⚫ Process data to obtain the frequency of vibration, the average lift force, and the 

voltage output of each model. 
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4.2.4 Experimental results and Phenomenon 

The T series models were placed at a 3m/s-7m/s of wind speed for experiments. The figure 

below (Figure 4.2) is the lift force curve chart of the T series models at the wind speed of 

5m/s. The lift force curve of the T1 and T2 models is roughly a sine wave shape, but there 

are some minor fluctuations in the curve. On the one hand, these fluctuations may be 

caused by turbulence in the airflow, on the other hand, the T1 model is more unstable 

during vibration because of its lighter weight. When calculating the lift force value of each 

model, multiple peak points will be selected to calculate the average lift force of its model. 

The vibration frequency of the models can also be calculated through the lift force curve. 

At a wind speed of 5m/s, although the peak lift force of T2 is higher than the T1 model, its 

frequency is slightly smaller than the T1 model. 

 

Figure 4.2 - Lift Force for T1 and T0 at 5m/s. 

Compared with the T1 model, the T2 model has a 22.75mm tail structure. The ratio of the 

tail length and the diameter of the curved surface is 0.65. It can be seen from Figure 4.3 

that the peak lift force of the T2 model has been higher than the T1 model within the range 

of 3m/s to 7m/s. Figure 4.4 shows the RMS voltage generated by the two models under the 

test wind speed. Although the vibration frequency of the T1 model is higher than the T2 

model, due to the huge gap between the vibration amplitude, the voltage generated by the 

T2 model is much higher than the T1 model. It is worth noting that as the wind speed 

increases, the slope of the voltage generation curve for the T2 model is greater than the 
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slope of its lift force curve. This is since the rate of frequency decrease for the T2 model is 

smaller than for the T1 model. From the results of the test wind speed, it can be predicted 

that as the wind speed increases, the voltage gap between the T2 model and the T1 model 

will become larger and larger. 

 

Figure 4.3 - Peak Lift Force for the T1 and T2 Models. 

 

Figure 4.4 - Voltage Generated (RMS) for the T1 and T2 Models. 

4.2.5 Conclusion 

The new models have shown good performance from the voltage generated and lift force 

values. Especially at the wind speed of 7m/s, the lift force of the T2 model is about twice 

the T1 model, and the voltage generated by the T2 model is almost 5 times the T1 model. 

In addition, it can be seen from Figure 4.2 that although the lift forcer curve of the T1 model 
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basically presents a sine wave shape trend, there are obvious fluctuations in the curve 

compared with the T2 model. The experimental observation also shows the T1 model is 

accompanied by more small-range vibration in the vibration process, and the T2 model is 

more stable. 

The lift curve is recorded by the force sensor. The larger the vibration amplitude (bending 

angle), the larger the sensor displays the lift. The piezoelectric kit is placed on the cantilever 

beam, and its voltage generated is directly related to the amplitude and frequency of 

vibration. Although the vibration frequency of the T2 model is lower than the T1 model, 

and the lift of the T2 model is higher than the T1 model in the experiment, the T2 voltage 

generated by the model is much higher than the T1 model. Therefore, it can be concluded 

that in this model, the vibration amplitude has a greater impact on the voltage. 

Finally, by comparing the voltage-generated curve in this experiment with the previous 

research data, although the two experiments use different piezoelectric kits, which causes 

the voltage generated to be different, the voltage-generated curve trend is roughly the 

same. In summary, through this experiment, the effectiveness of the model is proved. 

4.3 Effect of Varies Tail Length 

4.3.1 Experimental Purpose and Requirements 

After verifying the effect of tail design on the performance of design, the effect of tail length 

on performance will be studied. The experiment aims to study the relationship between 

tail length and the performance of the piezoelectric energy harvester design. The 

performance can be determined by lift force and power output. The initial plan was to 

lengthen the tail of the model, and after printing through a 3D printer, the effect of the tail 

of different lengths was tested respectively. So, the R series was designed according to the 

experiment demand. In order to better observe, the inter diameter of the front curved 

surface of the R series model has been increased from 35mm to 40mm; the model width 

has been increased from 100mm to 150mm, and other parameters remain unchanged 

compared with the T series. The R series is planned to design five models. Their tail length 

(L) is set to 10mm, 20mm, 26mm, 30mm, and 40mm, which correspond to the ratio of tail 

length to the curve inter diameter (0.25, 0.5, 0.65, 0.75 and 1) as shown in Figure 4.5. 
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Figure 4.5 - R Series Models Design. 

R series was printed by a 3D printer; however, several models of the R series were not 

successful in being printed due to the thickness of their front curved being too thin. The 3D 

printer is printed layer by layer by melting plastic. The thickness of the front curve surface 

of the model is only 0.5mm, so it could only print a layer of materials when it was printed. 

This leads to the low strength of the curved part. In addition, if the thickness is large enough, 

even if an error occurs when printing a certain layer, the structural impact by error will be 

relatively small as other layers continue to cover. However, an error will affect the entire 

structure if the thickness is only a layer. Eventually, the three models of the R series were 

broken or damaged, etc., and could not continue the experiment as shown in Figure 4.6. 

There were only the R1 (L/D 0.75) and R2 (L/D 1) models survived. 

 

Figure 4.6 - The Broken R Series Models. 
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Therefore, the A series has been designed and made according to the parameter of the R 

series except for increasing the thickness of the front curve. The curve's inter diameter is 

the same as the R series; the outer diameter increased from 41mm to 44mm. Compared 

with other series, its structure is very stable, as shown in Figure 3.2. 

4.3.2 Experimental Device and Setup 

The performance of the energy harvester will be evaluated by the lift force and power 

output. In order to reduce the error caused by the model's weight, the model will be 

vertically fixed at a mountain point. The model was expected to swing left and right when 

the wind passed through it. The lift will be collected through the Nano 43 sensor. In terms 

of power output, the oscilloscope will be used for energy harvest. However, the voltage 

probe and external resistance will be used due to the high price of the current probe. The 

two voltage probes can be collected the voltage drop through external resistance, and the 

power output data is obtained after calculating. The experimental setup steps are listed as 

follows. 

⚫ Fix a mounting interface plate on the Nano 43 transducer. 

⚫ place and glue the piezoelectric kit (LDT0-028K) on the end of an aluminium cantilever 

beam. 

⚫ Use two screws to fix the end of the cantilever beam to A mounting interface plate to 

ensure the cantilever beam's fixing. 

⚫ Use a screw to fix the model to the other end of the cantilever beam. 

⚫ Connect the piezoelectric kit with two oscilloscope probes. 

Experimental setups are shown as follows in Figure 4.7. 
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Figure 4.7 - Experimental Setups for A Series Models. 

4.3.3 Experimental Steps 

The experiments are divided into three stages. Testing the lift force of each model in the 

first stage. Testing the response time of each model in the second stage. In the last stage, 

the power output of each model was tested. These three stages of testing will be carried 

out in order, and the test results of three stages can be verified with each other to reduce 

experimental errors. In addition, data analysis will be performed after the experiments at 

each stage. If the data has obvious errors, the experiments can be adjusted in time to avoid 

waste of time and experimental equipment. 

4.3.3.1 First Stage：The Lift Force 

⚫ Make sure the model is in a stable state, and the cantilever beam is not contacted with 

a mounting interface plate except for two screw fix points. 

⚫ Open the wind tunnel and set the wind speed to 3m/s. 

⚫ After 10-20 seconds, wait for the vibration amplitude to stabilize, open the Nano 43 

sensor, and record the force data. 

⚫ Record the data for 10 seconds and stop recording. 

⚫ Turn off the wind tunnel, save the data, repeat the first step of the operation, and 

adjust the wind speed to 4ms, 5m/s, 6m/s, and 7m/s respectively in the following 

repeat experiments. 

⚫ Process data to obtain the frequency of vibration, and the average lift force of each 

model. 



105 

 

4.3.3.2 Second Stage：The Power Output 

⚫ Make sure the model is in a stable state, and the cantilever beam is not contacted with 

a mounting interface plate except for two screw fix points. 

⚫ Check the connection between the oscilloscope and the piezoelectric sheet and the 

external resistance 

⚫ Open the wind tunnel and set the wind speed to 3m/s. 

⚫ After 10-20 seconds, wait for the vibration amplitude to stabilize, open the oscilloscope, 

and record the voltage data. 

⚫ Record the data for 5 seconds and stop recording. 

⚫ Turn off the wind tunnel, save the data, repeat the first step of the operation, and 

adjust the wind speed to 4ms, 5m/s, 6m/s, and 7m/s respectively in the following 

repeat experiments. 

⚫ Calculate the data of the two probes and calculate the power output through voltage 

drop and resistance. 

4.3.4 Experimental Results and Phenomenon of the A Series Models 

The first stage of the A series (the lift force test) was performed at the wind speed of 3m/s, 

4m/s, 5m/s, 6m/s, and 7m/s, respectively. The experimental results of it at 6m/s are shown 

in the Figure 4.8 below. The lift curve is not smooth at some points, because the force 

sensor (Nano 43) is very sensitive. It is also worth noting that the positive and negative of 

the force sensor value represents the different directions, but the curve does not keep it 

symmetrically on both sides of the X-axis. For example, the A3 model in this figure (Gray 

line) has an average minimum value of 0.986 and an average maximum value of 12.794. 

The minimum value of its lift force is still positive. If the value is accurate, this means that 

when the A3 model is tested, it always only bends to one side, which cannot happen 

obviously in reality. 

It can be found that the five curves show a downward trend when comparing the peak lift 

force of all A series models at different wind speeds. The values of all five models go down 

at 7m/s. VIV phenomenon always occurs at cylindrical objects, and the amplitude and lift 

force will go down after the wind speed exceed the "Lock-in region". The design is a typical 
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Due to the abnormal data when the wind speed is 7m/s, a broken cantilever beam is found 

in the inspection experimental equipment. Although in the experiment with a wind speed 

of 3-6m/s, a small break may have already happened in the cantilever beam, the general 

trend of the lift force of each model should not be greatly affected. Compared with the A4 

and A5 models, the A1-A3 models have a relatively large lift force; however, it was observed 

that the vibration amplitude of the A5 model was significantly larger than the others during 

the experiment. The Nano 43 force sensor will show higher lift force when the bending 

angle is larger for the same model. The A series models have been re-analysed, because of 

the problem of inconsistency between phenomena of observation and obtained data. 

One end of the cantilever beam was connected to the front model, and the other end was 

connected to the Nano 43 force sensor. Therefore, the force of the front-end model is 

transmitted to the Nano 43 force sensor through the cantilever beam, and the sensor will 

decompose the torque into the force in all directions. According to the equation of moment 

of force, under the action of the same force, the longer the distance between the front-

end model and the sensor, the greater the torque obtained by the sensor. The fixed point 

of the A series models, and the cantilever beam is behind the tail, which means that the 

longer the tail, the longer the length of the torque distance. However, in the actual situation, 

the torque distance should be the length from the centre of gravity of the front-end model 

to the force sensor. 

Solidworks could be used to check the parameters of the models, and the gravity point of 

the A series models are shown in Table 4-1 below. 

Table 4-1 - Gravity Point of the A Series Models. 

Model No. Gravity Point: X axis (mm) 

A1 20.573 

A2 26.005 

A3 29.145 

A4 31.213 

A5 36.336 
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The high value of gravity points means that the model's centre of gravity is more backward, 

which means a shorter torque distance as shown in Figure 4.11 b. It is clearly seen that the 

torque distance of the A5 model is about 16mm shorter than the A1 model. If the same 

force is applied horizontally at the front-end of the A1 and A5 models, the force sensor will 

display that the force applied for the A5 model is smaller than the A1 model. This is why 

the A1 model's lift at different wind speeds is greater than that of the A5 model. 

4.3.5 Experimental Results and Phenomenon of the S Series Models 

In order to be able to compare the effect of the tail length on the model performance more 

clearly, the A series model needs to be improved. The main problem of the existing A-series 

models is that the connection point with the cantilever beam is located behind the tail, 

which means that the overall length of the model with a longer tail is also longer. And for 

the model tail part, its weight is heavier than the front-end model, so its centre of gravity 

point will be moved a lot for the model with the longer tail. In order to improve the problem 

of the A series model, the S series model was designed as shown below based on the A 

series model (Figure 4.12). 

The S series models were improved according to the A series model, so their parameters 

are roughly the same. The curved diameter and width of the two series models are the 

same, and the tail length of the S1-S5 model is the same as the tail length of the A1-A5 

model. At the same time, in order to better verify the effect of the design on the experiment, 

the S0 model without a tail is added to the S series model. The curved diameter and width 

of the model are consistent with other S series models. The S series model mainly improved 

the position of the connection point with the cantilever beam and moves the connection 

point from behind the tail to the curved surface. This means the models of this series are 

the same in total length, regardless of the length of the tail. And due to the existence of 

cantilever beams, the cantilever beams will be filled in the vacancy in the middle of the S3, 

S4 and S5 model tails, so the vacancy will not have a great impact on the aerodynamic force 

of the structure as shown in Figure 4.13.  

In addition, the aluminium cantilever beam was produced. In order to prevent the 

cantilever fracture again, the overall equipment would be checked after every five 

experiments to ensure that each experimental piece of equipment was in good condition. 
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Taking the S0 model and the S5 model at 3m/s as an example as shown in Figure 4.14, the 

S0 model has maintained a small vibration, and it can be seen from the lift curve. Although 

its vibration is not a sine wave shape, it can still be seen that the curve can be divided into 

several stages. In each stage of the vibration of the S0 model at 3m/s, the vibration starts 

with a small amplitude vibration, and then the vibration becomes a large high-frequency 

vibration. The time of high-frequency vibration is about twice the small vibration, and then, 

the small vibration is repeated again. The lift curve of the S0 model shows this shape within 

the experimental wind speed (3m/s - 7m/s), except the curve fluctuations continue to 

increase. The lift curve of the S1 model is similar to the S0 model, but after the wind speed 

exceeds 5m/s, the curve gradually becomes a sine wave shape. The lift force curve of the 

S0 and S1 models are different from the lift curve of the T0 and T1 models, and the result 

will be discussed in the next section. 

Compared with the S1 model, the lift curve of the A5 model is obviously a standard sine 

wave shape. Although the lift curve is not completely smooth at some points, it may be 

caused by the excessive sensitivity of the Nano 43 force sensor and the turbulence in the 

fluid. S2, S3, and A4 model curves are also similar to the S5 model, which is a sine wave. 

 

Figure 4.14 - The Lift Force of the S0 and S5 Model at 3m/s. 

The peak lift force of the S series model is calculated, as shown in the figure below. It can 

be clearly seen that the lift force curve is roughly consistent with the observation results. 

The S5 model has been found that it had a large vibration amplitude in the observation, 

and the force sensor displayed that the S5 model has the highest lift force value at the 
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experimental wind speed. The lift force of other models of the S series is reduced in turn 

according to the length of the tail. The S0 model's lift force is the lowest. 

 

Figure 4.15 - Peak Lift Force for S Series Models. 

The piezoelectric kit is fixed on the cantilever beam, and in addition to the vibration 

amplitude that affects the power output, the vibration frequency can also affect the power 

output of the piezoelectric kit. The average vibration frequency of the S series models can 

be obtained from the data of the force sensor. It can be clearly seen that the vibration 

frequency is generally inversely proportional to the tail length, except for the S1 and S0 

models, as shown in Figure 4.16. The frequency of the S1 model rises significantly after the 

wind speed reaches 5m/s, which also corresponds to the lift force curve of the S1 model. 

When the wind speed is 6m/s, the vibration frequency of the S1 model exceeds the S2 

model, and its vibration frequency becomes the highest in the S model. The S0 model has 

always maintained a lower vibration frequency under the wind speed of testing. The 

frequency of the S0 and S1 models differs from that of the T0 and T1 models. This 

phenomenon will be discussed in the next section. 
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Figure 4.17 - Voltage Generated for the S Series Models. 

Due to the expensive price of the oscilloscope current probe, the two voltage probes and 

an external resistance are used in this experiment. The voltage drop at both ends of the 

resistance is to calculate the circuit current, thereby calculating the power output of the 

piezoelectric kit. C-F Zhou etc., have studied the effect of external resistance on circuit 

power output[105]. The article proposed that when the external resistance value is greater 

than 820K ohms, the power output of the circuit becomes stable and is no longer affected 

by wind speed changes. Therefore, in this experiment, 1M Om external resistance was used. 

As shown in Figure 4.18, the external resistance is placed in a white box and connected to 

the piezoelectric kit, and the other end is connected to the two voltage probes.  

 

Figure 4.18 - The External Resistance Box. 
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The output power curve and the voltage generated curve trend is roughly the same. After 

calculation, as shown in the table below, the maximum output power of the A5 model can 

reach 175.48 μW at a wind speed of 7m/s. Compared with previous studies, the power 

output of the A0 model is less than previous studies; however, the piezoelectric kit used is 

different. The power output of A0 will be compared in the subsequent section by using the 

same piezoelectric kit. 

Table 4-2 - Power Output for S Series Models with Aluminium Cantilever Beam and LDT0-28K 

Piezoelectric Kit. 

Power output (μW) 
 

3m/s 

+/- 0.01 

4m/s 

+/- 0.01 

5m/s 

+/- 0.01 

6m/s 

+/- 0.01 

7m/s 

+/- 0.01 

A0 1.62  1.73  1.75  3.13  3.54  

A1 2.86  2.63  7.18  25.50  46.32  

A2 23.18  29.44  54.21  65.86  77.10  

A3 38.74  45.15  62.31  82.78  102.37  

A4 62.79  68.20  86.72  103.07  140.83  

A5 79.35  109.97  118.70  142.36  175.48  

4.3.6 Discussion 

The experiment was initially used in the A-series models. Because the torque distance of 

the A series models was significantly different, the data collected by the force sensor did 

not have comparativeness. Therefore, the S series was designed on the basis of the A series 

models, and the S0 model with a tail length of 0 was added to the S series models. There 

are two models of T1 and T2 in the T series models. The tail length and the curved body's 

diameter are 0 and 0.65, respectively. This ratio corresponds to the S0 and S3 models in 

the S series models. Although the cross-sectional area of the S series model is larger than 

the T series, the lift curve trend of the two series models can still be compared. 
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Compared with the S3 model, the lift force and voltage output of the T2 model in the 

experimental wind speed are less than the S3 model. This should be caused by the cross-

section area of the T2 model being less than the S3 model. However, it is worth noting that 

in the T-series model experiments, the frequency of the T1 model is greater than the T2 

model. This phenomenon can also be found in the experiment of the S series model. For 

the S2-S5 model, as the length of the tail increases, the vibration frequency is decreased, 

whereas the S0 and S1 models are different. The S1 model's frequency is rapidly rising and 

higher than the S2 model when 6m/s of the wind speed. The vibration frequency of the S0 

model has always been the lowest model in the S series model. 

 

Figure 4.19 - Lift Force for S0 model at 3m/s. 

By observing the lift force data of the S0 and S1 models (Figure 4.19), it can be found that 

the lift force curve of other models presents a sine wave shape trend, as is the same as the 

lift force curve of the T1 and T2 models. However, the lift curve of the S0 model shows a 

small vibration trend, as shown in Figure 1. The vibration of the S0 model consists of several 

cycles. Each cycle can be divided into two stages. The first stage is a small high-frequency 

vibration, and the S0 model saves energy in this stage. Then it enters the second stage and 

starts to consume energy to vibrate with a larger amplitude. 

Compared with the T1 and S0 models, the T1 model has a smaller cross-sectional area and 

curved body thickness, which causes the T1 model to be lighter than the S0 model, which 

means that the T1 model is closer to its natural frequency, and it is easier to make a stable 

same amplitude vibration. Because the S0 model presents cyclical vibration, its frequency 
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can only be calculated by cyclical. Therefore, the calculated frequency is lower than the 

other models. 

4.3.7 Conclusion 

In general, the effectiveness of model design has been further verified through experiments 

in this section. And in the case of the ratio of tail length and curved body diameter from 0 

to 1, the longer the length of the tail, the higher the voltage output and power output of 

the model, and the higher the lift, but the lower the vibration frequency. At the wind speed 

of 7m/s, the power output of the model (S5 model) is 175.48μW, while the S0 model is 

only 3.54μW. And through observation, the model with a larger tail length has a shorter 

response time, which means it can start to maintain the same amplitude stable vibration 

more quickly. However, the impact of the response time on power output needs to be 

future studied. 

And through the experiments in this section, it can also provide suggestions for the 

selection of the cantilever beams of the design. The selection of cantilever beams should 

consider their material strength. Once the cantilever is broken due to fatigue, it will greatly 

affect the energy output. The power output can be used to determine the status of a 

cantilever beam in a future test. 

4.4 Effect of Thickness of the Curved Body 

4.4.1 Experimental Purpose and Requirements 

The R series models were originally designed to compare with the T series models, but 

because their curved body is thinner, three models of the five models have not been 

printed successfully. The remaining two models, R1 and R2, their curved body thickness is 

different, but the ratio of the tail length and the diameter of the curved body is the same 

as the S4 and S5 models. Therefore, the R1 and R2 models can be tested and compared 

with the S4 and S5 models to study the effects of curved body thickness on energy output. 

However, the connection between the two models (the R series models) and the cantilever 

beam is at the back end of the tail, and the connection point for improved S series models 

is located at the curved body back end. Therefore, the force sensor cannot be effectively 
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used to compare the two sets of data. The models' voltage and power output will be 

compared in this experiment. 

4.4.2 Experimental Device and Setup 

The selection of experimental devices and the experimental setup are similar to section 4.3. 

In this experiment, the voltage output and power output data of the R1 and R2 models will 

be compared with the S4 and S5 models, respectively. The experimental setup steps are 

listed as follows. 

⚫ Fix a mounting interface plate on the Nano 43 transducer. 

⚫ place and glue the piezoelectric kit (M-2807-P2) on the end of a plastic cantilever beam. 

⚫ Use two screws to fix the end of the cantilever beam to A mounting interface plate to 

ensure the cantilever beam's fixing. 

⚫ Use a screw to fix the R1 and R2 models to the other end of the cantilever beam. 

⚫ Connect the piezoelectric kit with two oscilloscope probes. 

4.4.3 Experimental results and Phenomenon 

Figure 4.20 shows the voltage output data of the R1 and R2 models. At the same time, for 

the convenience of comparison, the curves of the S4 and S5 models have also been added 

to the chart. It can be seen that under the same tail length, the voltage output of the R 

series models is slightly higher than the S series model at the experimental wind speed due 

to the thinner curved body. The power output is calculated as shown in Table 4-3, and 

although the gap between the R series and S series models is not huge, under the 

experimental wind speed, the power output of the R series models is basically higher than 

the models of S series with the same tail length. 
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Figure 4.20 - Voltage Generated Comparison (R1-S4 & R2-S5) (LDT0-028K). 

Table 4-3 - Power Output for R1 and R2 Models (mW). 

 

3m/s 4m/s 5m/s 6m/s 7m/s 

R1 0.063802 0.076314 0.094069 0.111595 0.143535 

R2 0.084164 0.119212 0.121335 0.148872 0.178910 

Compared with the vibration frequency of the two models, it can be found that the 

vibration frequency of the R series model is slightly higher than the S series model. The 

curve does not clearly show the relationship between frequency and wind speed. When 

the wind speed increases, the frequency of each model is basically stable, which is 

consistent with the frequency data obtained when testing the S model. 

 

Figure 4.21 - Average Frequency Comparison (R1-S4 & R2-S5). 
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4.4.4 Conclusion 

It can be seen through this experiment that the thin curved body is more conducive to 

energy harvest. When the air flows across the tip of the curved surface, the thicker curved 

thickness will cause the airflow to lose energy due to the reattachment, as shown in Figure 

2.25, which will cause the energy harvest efficiency to decrease. 

In general, the curved body's thickness can affect the energy harvesting efficiency, and the 

thinner the curved body, the higher the energy harvesting efficiency. However, in the 

manufacturing and usage process, the thinner curved surface is easily damaged. Therefore, 

in the subsequent design, it is necessary to make the curved surface as thin as possible 

under the condition that the structure is not damaged so that it can have higher energy 

harvesting efficiency. 

4.5 Effect of Cantilever Beam Material 

4.5.1 Experimental Purpose and Requirements 

In the previous studies of many piezoelectric energy harvesters with cantilever beam, only 

a kind of cantilever beam was used to connect models in the experiment, but for the energy 

harvesters, the cantilever beam is also an important part of it. Therefore, the research on 

the cantilever beam is also important. In this section, the materials of the cantilever beam 

will be experimentally studied, and two materials of the cantilever beams (aluminium and 

plastic) will be selected and tested in the wind tunnel in order to compare the performance 

and select the best suitable cantilever beam for the energy harvester. The size of the two 

cantilever beams is completely consistent (180 × 10 × 1.4mm). The plastic cantilever beams 

are made of 3D printers, and the material is PLA plastic. In section 4.3, aluminium cantilever 

beams are used in the experiment, in order to save experimental time, plastic cantilever 

will be connected and tested with the S series models in this experiment. 
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Figure 4.22 - The Cantilever Beams Used in the Experiment. 

4.5.2 Experimental Device and Setup 

The selection of experimental devices and the experimental setup are similar to section 4.3, 

except for the selection of cantilever beams. The experimental setup steps are listed as 

follows. 

⚫ Fix a mounting interface plate on the Nano 43 transducer. 

⚫ place and glue the piezoelectric kit (LDT0-028K) on the end of a plastic cantilever beam. 

⚫ Use two screws to fix the end of the cantilever beam to A mounting interface plate to 

ensure the cantilever beam's fixing. 

⚫ Use a screw to fix the model to the other end of the cantilever beam. 

⚫ Connect the piezoelectric kit with two oscilloscope probes. 

4.5.3 Experimental results and Phenomenon 

This section will show the results of the experiment with a plastic cantilever beam. First of 

all, lift force data is collected through the force sensor. The following figure shows the lift 

force data of the S0 and S5 models at 3m/S wind speed. It can be seen that the data is 

similar to the data of the lift force curve in the 4.3 section. The lift force curve of the S5 

model is a sine wave shape, but the lift force curve of the S0 model shows a regular small 

vibration. The data analysis proves that in this experiment, the lift force curve of all models 

is symmetrical at the X coordinate axis, which means that the condition of experimental 

equipment is fine. 
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Figure 4.23 - Average Lift Force for the S0 and S5 Models at 3m/s (Plastic Cantilever Beam). 

After testing under experimental wind speed (3m/s-7m/s), each model's average lift force 

data is calculated after data analysis, as shown in Figure 4.24. The S0 model still maintains 

the lowest lift force in the experimental wind speed but compared with the data in Section 

4.3, the lift of the S0 model after 5m/s has a relatively large rise trend. The lift force of the 

S1 model rises rapidly after 3m/s of wind speed. The lift force of the S1 model becomes the 

highest in the S series model at 5m/s. The remaining four models of the S series maintain a 

trend of steady increase, but it is worth noting that, unlike the testing with aluminium 

cantilever beams, the tail length of the S2-S5 models with a plastic cantilever beam is 

inversely proportional to its lift force. 

When comparing the lift force results of the model with an aluminium cantilever beam and 

with a plastic cantilever beam, it has been found some differences in average lift force. 

Compared with the model with an aluminium cantilever beam, the average lift force values 

of the S5 and S4 models have decreased at different wind speeds. The value of the S3 model 

is slightly lower than the previous experiment at 3m/s; however, the lift value is higher 

within 4m/s - 7m/s. The S2, S1 and S0 models are higher than the previous values in whole 

experimental wind speeds. 
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lowest value of the S series models. Therefore, the effectiveness of the design will not 

change due to changing the material of the cantilever beams. 

The role of the cantilever beam is to connect the front model and transmit vibration to the 

piezoelectric kit at the end of its tail. Different materials for the two cantilever beams will 

lead to different hardness, which will affect the experimental performance. According to 

the lift data of the forcer sensor, a higher lift force value means that the vibration amplitude 

of the model is very large. When the vibration frequency of an object is close to its natural 

frequency, the vibration amplitude of the object will increase. The formula for natural 

frequencies is shown in Equation 2.27. Therefore, the first natural frequency could be 

calculated as follows [129]. 

Table 4-4 - The First Natural Frequency Parameter for Two Beams (S3 model). 

 Aluminium Plastic 

Modulus of Elasticity [E] (GPa) 70 4.8 

Area Moment of Inertia [I] (mm4) 2.287 

Beam length [L] (mm) 220 

Uniform load per unit length [w] (N/mm) 0.0025 

First natural frequency [f1] (Hz) 9-10 2-3 

On the other hand, the cantilever beam plays the role of damping in the process of vibration. 

The stiffness of the plastic cantilever beam is far less than the aluminium cantilever beam, 

which means that the aluminium cantilever beam has a higher damping coefficient, which 

means that the vibration frequency with models with an aluminium cantilever beam will 

be higher. It can be seen from the table below that the vibration frequency of models with 

an aluminium cantilever beam does not change much at the experimental wind speed, and 

their frequency is between 1.5-4.7Hz. However, the vibration frequency of the models with 

a plastic cantilever beam decreases as the wind speed increases. Among them, the 

vibration frequency of the S0 and S1 models exceeds 2Hz or close to 2Hz, while the 

vibration frequency of the S5 model is minimal at the same wind speed, only 1.46Hz at 

7m/s. 
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Table 4-5 - Frequency of Models with an Aluminium Cantilever Beam. 

 

3m/s (Hz) 

+/- 0.0001 

4m/s (Hz) 

+/- 0.0001 

5m/s (Hz) 

+/- 0.0001 

6m/s (Hz) 

+/- 0.0001 

7m/s (Hz) 

+/- 0.0001 

S0 1.5701 1.5679 1.5843 1.5610 1.5497 

S1 1.5871 1.5638 1.6026 4.6904 4.6339 

S2 4.3649 4.3898 4.3649 4.3440 4.3478 

S3 4.1771 4.2463 4.2123 4.2159 4.2017 

S4 4.1305 4.1459 4.1442 4.0933 4.1322 

S5 3.9216 3.9216 3.9479 3.9293 3.9185 

Table 4-6 - Frequency of Models with a Plastic Cantilever Beam. 

 

3m/s (Hz) 

+/- 0.0001 

4m/s (Hz) 

+/- 0.0001 

5m/s (Hz) 

+/- 0.0001 

6m/s (Hz) 

+/- 0.0001 

7m/s (Hz) 

+/- 0.0001 

S0 2.3585 2.3041 2.2805 2.2779 2.2523 

S1 2.2779 2.1413 2.0408 1.9877 1.9146 

S2 1.9646 1.9433 1.9294 1.8406 1.7443 

S3 1.9084 1.9062 1.8362 1.7550 1.6609 

S4 1.8868 1.8587 1.8060 1.7144 1.6160 

S5 1.8083 1.7718 1.6975 1.5913 1.4618 

Models with an aluminium cantilever beam are not affected by their natural frequency of 

models in the vibration because their vibration frequency is much lower than their natural 

frequency. For models with a plastic cantilever beam, the vibration frequency of the S series 

model is similar to the models' natural frequency (2-3 Hz). Therefore, models whose 

vibration frequency is similar to its natural frequency show a larger vibration amplitude, 

and show a larger lift force and voltage output. This is why different cantilever beams cause 

different results. 
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4.5.5 Conclusion 

This section has proved the difference between models with an aluminium cantilever beam 

and models with a plastic cantilever beam. In general, if the plastic cantilever beam is used 

in the experiment, the S1 model does have a good voltage output at the larger wind speed 

(over 5m/s). However, once the wind speed is less than 5m/s, the S1 model will do a small 

vibration motion, and the voltage output will be significantly reduced compared with other 

models. Therefore, the S2 model with a plastic cantilever beam can show a more stable 

performance. 

But it should be noted that the result is only applicable to the S series model. If the model 

changes, such as increasing the diameter of the front semicircle or replacing the model 

material, the weight of the model will change, resulting in the vibration frequency of the 

model is not close to its natural frequency and the voltage output will be reduced. 

Therefore, if the model changes, the S5 model will still be the best choice based on ignoring 

the impact of its natural frequency. 

4.6 Effect of Different Piezoelectric Layer 

4.6.1 Experimental Purpose and Requirements 

Two different pieces of piezoelectric kits in the experiment are used, namely LDT0-28K and 

M-2807-P2. The price of LDT0-28K pieces of pieces is cheaper, about 2 pounds, and this kit 

is made of Polyvinylidene Fluoride and can bend at an angle of 90 degrees. But the other is 

about 35 pounds, and it could be easily damaged if the banding angle is too larger because 

it is made of lead zirconate titanate. Therefore, in the early experiments, due to the unclear 

performance of the model, in order to prevent the experimental results error caused by 

the piezoelectric kit damage (a larger bending angle), the LDT0-28K piezoelectric kit was 

used in the early experiments. However, in many previous studies, the M-2807-P2 

piezoelectric kit was used for energy harvest. In order to better compare the experimental 

results, in this section experiment, the M-2807-P2 piezoelectric sheet will be used to test 

the S series Model. After testing, the results can be compared with previous studies, and 

the performance of two different piezoelectric kits can be compared. 
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4.6.2 Experimental Device and Setup 

The selection of experimental devices and the experimental setup are similar to section 4.3, 

except for the selection of piezoelectric kit. The experimental setup steps are listed as 

follows. 

⚫ Fix a mounting interface plate on the Nano 43 transducer. 

⚫ place and glue the piezoelectric kit (M-2807-P2) on the end of a plastic cantilever beam. 

⚫ Use two screws to fix the end of the cantilever beam to A mounting interface plate to 

ensure the cantilever beam's fixing. 

⚫ Use a screw to fix the S series models to the other end of the cantilever beam. 

⚫ Connect the piezoelectric kit with two oscilloscope probes. 

4.6.3 Experimental results and Phenomenon 

The model of this experiment is the same as the model used in Section 4.3, all of which are 

S series models, so the lift curve is consistent with Figure 4.15. The voltage output and the 

power output are different due to the different selections of piezoelectric kits. It can be 

seen from the figure below that the trend is roughly the same as before, and the S5 model 

still maintains a higher voltage output. In addition, it is worth noting that when the wind 

speed is improved, because the models present a larger vibration range, the M-2807-- P2 

piezoelectric kit is more sensitive to bending, so the voltage output curve rising rate of the 

models has a significantly higher than the result of using LDT0-28K. 

 

Figure 4.27 - Voltage Generated for the S Series Models (M-2807-P2). 
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It can be clearly seen from the table below that the power output data of S0 is slightly 

greater than the previous research. This is because the cross -sectional area of the model 

used in the experiment is larger. Compared with the LDT0-028K piezoelectric sheet in 

Section 4.3, the M-2807-P2 piezoelectric sheet has higher energy conversion efficiency, and 

the power output has been increased by several times. 

Table 4-7 - Power Output for S Series Models with Aluminium Cantilever Beam and M-2807-P2 

Piezoelectric Kit. 

Power output mW 
 

3m/s 4m/s 5m/s 6m/s 7m/s 

S0 0.010 0.027 0.030 0.046 0.057 

S1 0.046 0.084 0.134 0.295 0.384 

S2 0.116 0.231 0.268 0.432 0.510 

S3 0.268 0.338 0.449 0.556 0.973 

S4 0.368 0.556 0.739 0.973 1.354 

S5 0.501 0.696 0.924 1.664 2.152 

4.6.4 Conclusion 

Although M-2807-P2 is more expensive, its price is about ten times that of LDT0-28K, but 

its energy harvest efficiency is much greater than LDT0-28K. In addition, in this experiment, 

the voltage generated and power output of the S0 model are compared with previous 

studies. Both experiments use the same piezoelectric kit, and the data is basically the same. 

This experiment can also prove that the design has better performance; for example, at the 

wind speed of 7M/S, the maximum output power of the S5 model can reach 2.15MW. 

4.7 Conclusion 

This chapter has studied and analysed the new design through experiments. The 

effectiveness of the design was first proved by the experiment. The voltage output of the 

design T2 model is about four times that of the T1 model (original design). After 

determining the effectiveness of the model, some key parameter of the design was tested 
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to understand its impact on power output. The tail length, curved body thickness and 

cantilever beam materials were considered. It can be seen through experiments that the 

length of the tail length has the greatest effect on energy harvest. When the ratio of the 

diameter of the curved body and the tail length is 1 (S5 model), the power output reaches 

175.48 μW at a wind speed of 7m/s. The effects of the thickness of the curved body are 

not obvious on the power output, but it can also be seen that the thinner the curved body 

part, the greater the power output. In addition, the material of the cantilever beam can 

also affect the power output through the resonance frequency of the structure. Therefore, 

the effect of resonance frequency should be considered in the future design to choose the 

appropriate cantilever beam. Finally, the two types of piezoelectric kits were compared, 

and the M-2807-P2 piezoelectric kit was more sensitive and had high energy output. 

However, the price of this type of piezoelectric kit is relatively expensive, and the price and 

power output should be balanced when used. 

In general, the experimental analysis of models was made, and the results of each 

experiment were discussed. In the subsequent chapters, the model will be simulated under 

a wider set of conditions after verification by comparison with experimental results. 
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CHAPTER 5. SIMULATION 

5.1 Introduction 

In order to understand the fluid flow around the design, the computational fluid dynamics 

(CFD) simulation needs to be used. Through simulation, it is possible to obtain data on lift 

force, frequency, and other parameters under ideal conditions. While there may be 

discrepancies between ideal condition data and experimental data, the overall trends in 

the data should remain similar, making it still valuable as a reference. Additionally, 

simulation allows for observing fluid trajectories around the model, providing a theoretical 

basis for future model improvements. CFD is a numerical simulation technology that 

simulates complex fluid movements. Ansys 2021R2 Fluent was used for meshing and 

simulating the design in this study. 

Initial simulation verification was performed in Chapter 3, and the effectiveness of the 

design was preliminarily verified. In this chapter, the S series models are first simulated at 

different wind speeds to compare with the experimental results. At the same time, it can 

observe how the fluid flow changes are different between the curved body and the design 

model. In addition, more simulation studies will be conducted on the length of the tail, the 

thickness of the front curved body diameter of the design will be changed, while the length 

of the tail will be further increased. It can show whether the simulation results can be 

consistent with the previous simulation results through this simulation research. Finally, 

the thickness of the curved body will be studied. In the experiment of Chapter 4, the 

thickness of the curved body can affect the model performance. In this chapter, the two 

groups with different curved body thickness models will be simulated to observe how the 

curved body thickness affects the fluid flow and the model performance. 

This chapter verifies the model's effectiveness through the CFD simulation. The simulation 

results can be compared with the experimental results of Chapter 4. At the same time, this 

chapter will select models with different curved body diameters for simulation, which can 

ensure the accuracy of the simulation result. 
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5.2 Simulation of the S Series Models  

5.2.1 Geometry 

In this section, the S series model will be simulated at the experimental wind speed (3m/s-

7m/s), and the lift coefficient will be recorded for verification with the experimental results. 

The S series models tested in this section include six models (S0, S1, S2, S3, S4 and S5) 

enclosed by a rectangular shape of 400×200cm. The centre of the curved body of the 

models is located on the horizontal middle line and 100cm from the left side of the 

rectangular, as shown in Figure 1. The geometry size allowed the dominant flow features 

to be enough to capture and avoid the air streamlining near the wall affecting the bluff 

body. 

 

Figure 5.1 - The Simulation Geometry for the S Series Models. 

The parameters of the simulation models and the fluid are shown in the table below. The 

curved body diameter of the S series model is the same, and the length of the tail is 

different. The tail length (l) of the S series models is 0cm, 10cm, 20cm, 26cm, 30cm, and 

40cm, which correspond to the ratio of tail length to the curved body diameter is 0, 0.25, 

0.5, 0.65, 0.75 and 1, respectively. 

Table 5-1 - The Parameters of the Simulation Models and the Fluid. 

Parameter Value Unit 

Inter Diameter of Curved Body 40 mm 
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Thickness of Curved Body 2 mm 

Thickness of Tail 4 mm 

Rectangle Length 400 mm 

Rectangle Width 200 mm 

Fluid Density 1.225 kg/m3 

Fluid Viscosity 1.79E-05 kg/m-s 

5.2.2 Mesh Generation 

After the geometric shape was created, the mesh was generated in the geometric shape. 

The triangles method was used for the rectangular fluid domain with the default meshing 

parameters. The mesh around the bluff body was further refined in order to better reflect 

the fluid flow around the bluff body. The initial mesh of the S0 model is shown in Figure 5.2, 

and the image also shows the refined mesh around the bluff body. The mesh around the 

tail structure of the S1-S5 models has also conducted the same refined grid as the bluff 

body. 

 

Figure 5.2 - Mesh Generated for S0 Model. 

In the simulation, a static grid is used, which means that the grid will remain static, and 

relative motion is generated by the action of the fluid. The airflow direction was 

perpendicular to the velocity inlet boundary, while the rectangle's left and right edges were 
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designated as the velocity inlet and pressure outlet respectively. The top and bottom 

bounds of the rectangle were fixed walls. 

The quality of the mesh will directly affect the simulation results, so the evaluation of the 

mesh quality is an important condition to determine whether the grid is excellent. In the 

table below, the five criteria of mesh quality were mainly evaluated, and the significance 

of their representatives has been discussed in Chapter 3.4. It can be seen from the table 

below that the evaluation result of the mesh is excellent. The mesh quality of another five 

models (S1-S5 models) was also evaluated, and the evaluation results were similar to the 

S0 models. 

Table 5-2 - Evaluation of Mesh Quality for S0 Model. 

Quality Metric Target Average Value 

Element Quality 1 0.964 

Aspect Ratio 1 1.197 

Jacobian Ratio (Corner Nodes） 1 1.000 

Skewness 0 0.054 

Orthogonal quality 1 0.966 

Although the mesh quality evaluation is very good, the mesh density greatly impacts the 

simulation results. In general, the more refinement mesh will represent more accurate 

results, but the more time consumption will be. In this simulation, six models need to be 

simulated, and each model needs to be simulated once at the five different wind speeds; 

thus, the simulation needs to be considered the time cost under the premise of considering 

the accuracy of the simulation result. Mesh independent study can show whether the 

number of meshes can provide more accurate simulation results. Five meshes have been 

compared in the study, M1 5874 (coarse), M2 16421, M3 22652 (medium), M4 54679 and 

M5 87865 (fine).  

The peak lift coefficient corresponding to the amount of mesh for the S0 model at 7m/s is 

shown in Figure 1. When the number of meshes increases from M1 to M2 and from M2 to 

M3, the peak lift coefficient changes by more than 40%; when it changes from M3 to M4 
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and M4 to M5, the changes in the peak lift coefficient tends to be slow, only less than 5%. 

When the number of grids is M3, the lift coefficient begins to stabilize. Although increasing 

the number of meshes will make the simulation result more accurate, to balance the 

accuracy of time consumption and results, the number of M3 (medium) meshes was 

selected in subsequent fluid flow simulation.  S1-S5 models' mesh number is similar to S0, 

so similar mesh settings were used. 

 

Figure 5.3 - Mesh Independent Study for the S Series Models. 

5.2.3 Solver Setting 

The standard K-Epsilon model was selected, because of its computational accuracy and 

time consumption. The turbulence intensity was 5%, and the turbulent viscosity ratio was 

10. Two monitors (lift coefficient and drag coefficient) were applied to the body. The S 

series models were simulated within the same conditions with 3m/s - 7m/s of inlet 

boundary velocity. The other simulation solution method setting is same as the initial 

simulation validation because of balancing the accuracy and saving computational resource, 

which is shown in Table 3-10. 

5.2.4 Result 

5.2.4.1 Fluid Movement Analysis 

The time steps were selected as 0.001s to ensure the accuracy of the results. In this section, 

the S0 model and S1 model will be compared firstly to determine the impact of the tail 

structure on fluid flow. The lift coefficient curve of the S0 model is shown in Figure 5.4. 

After starting with a small oscillation, a fixed amplitude vibration was started at about 0.26s. 
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In order to be more intuitive to represent the motion of the fluid through the bluff body, 

the three representative cycles were selected in the lift coefficient data of the S0 model 

when the lift coefficient curve presents a fixed amplitude periodic vibration, as shown in 

Figure 5.5. The peak values of the first cycle (0.46s) and the peak negative of the third cycle 

(0.539s) were selected, respectively, to show the state of the corresponding fluid flow. The 

time selection of the peak and bottom points of other models was the same way as the S0 

model, which was selected when the curve presents a fixed amplitude periodic motion. 

 

Figure 5.4 - Lift Coefficient for S0 Model at 7m/s. 

 

Figure 5.5 - Representative Lift Coefficient Cycle for the S0 Model. 

The plots of the S0 model (vector and contour plots) of the peak and bottom lift coefficient 

point has been shown in Figure 5.6. T The figure clearly illustrates the galloping principle of 

the bluff body. When the fluid flows past the bluff body, the front end of the body blocks 
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its flow, causing inner circulation will form alternately on the upper and lower surfaces of 

the body, with the rotation direction being opposite. Due to the generation of inner 

circulation, negative pressure occurs in the inner circulation, which leads to the generation 

of the net lift force of the bluff body.  

In addition, the velocity of the shear layer is affected by the inner circulation, which causes 

the fluid to accelerate as it moves around the inner circulation. The acceleration of the fluid 

can lead to a decrease in pressure, which is known as the Bernoulli effect. Therefore, the 

symmetry of the shear layer on both sides of the bluff body is broken, resulting in the 

dynamic instability of the bluff body, which will generate more net lift force. Finally, the 

vortex of the inner circulation falls off, and the inner circulation forms on the other side. 

This process enables the bluff body to maintain a fixed amplitude periodic motion. 

 

Figure 5.6 - Vector and Contour Plots for S0 Model at Key Points. 

To more effectively analyse the impact of the tail structure on fluid flow, the S1 model, 

which is most similar to the S0 model, was selected for analysis. The Figure 5.7 shows the 

vector and contour plots of the S1 model, and, like the S0 model, the peak and bottom 

points of the lift coefficient at a fixed amplitude periodic motion are selected for 
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the body, the flow speed of the surrounding boundary layer obviously increases, causing 

negative pressure to occur. In addition, the vortex will affect the subsequent boundary 

layer, and the vortex shedding 1 hits the upper boundary layer, causing the upper part of 

the fluid to flow upwards instead of flowing around the bluff body, thereby causing the 

pressure difference between the upper and lower parts to increase, ultimately causing the 

body to move downward. 

 

Figure 5.8 - Velocity Streamline Diagram of the S1 Model at 1.526s. 

5.2.4.2 Lift Coefficient Curve Analysis 

In the simulation of the S series models, a lift coefficient monitor was added. The lift 

coefficient curve of the S1 model and the S0 model are both after a short period of small-

amplitude vibration, the lift coefficient peak gradually increases, and finally begins to 

vibrate with a stable amplitude, as shown in Figure 5.9 for the S1 model. However, the lift 

coefficient curve of the S3-S5 models is slightly different from that of the S0 and S1 models. 

Taking the lift coefficient curve of the S5 model as an example, as shown in Figure 5.10, the 

peak of the lift coefficient curve gradually increases at the beginning, and the peak of the 

lift coefficient curve reaches the highest point at 0.274s, but then the peak of the curve 

begins to decrease, and finally begins to vibrate with a stable amplitude. Figure 5.11 shows 

two different cycles of the S5 model, with the blue curve being the cycle at 0.274s and the 

orange curve being the cycle when fixed amplitude periodic motion begins (selected when 
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the time is 1.395s). Comparing the two cycles, the peak of the blue cycle has decreased by 

about 20% compared to the orange cycle. The difference between the S1 model and the S5 

model is that the length of the tail structure is different, but the peak of the lift coefficient 

curve of the S5 model has obviously decreased when it begins to vibrate with a fixed 

amplitude periodic. Therefore, it is necessary to study the S5 model in order to understand 

how the length of the tail causes the peak of the lift coefficient curve to decrease. 

 

Figure 5.9 - Lift Coefficient for S1 Model at 7m/s. 

 

Figure 5.10 - Lift Coefficient for S5 Model at 7m/s. 
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coefficient curve for the S series models, and it can be seen that as the length of the model's 

tail increases, the lift coefficient increases at different wind speeds. At a wind speed of 

7m/s, the lift coefficient of the S5 model increased by about 57% compared to the S0 model. 

This lift coefficient curve also conforms to the principle of galloping vibration, where the 

lift coefficient of a model increases as the fluid speed increases as shown in Figure 5.14. 

 

Figure 5.14 - The Peak Lift Coefficient Simulation Results of the S Series Models. 

Although the S5 model performed well in the lift coefficient simulation results of the S-

series models, it can be seen from Figure 5.15 that, at the same wind speed, the vibration 

frequency of the model decreases as the length of the bluff body's tail increases. As the 

wind speed increases, the vibration frequency of the same model also increases, but it can 

be seen from the figure that the distance between the five curves increases from 3 m/s to 

7 m/s, which suggests that the model with a shorter tail structure or no tail structure seems 

to have a greater rate of increase in frequency as the wind speed increases. 
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Figure 5.15 - Frequency Simulation Results of the S Series Models. 

5.2.4.4 Responding time Analysis 

From the lift coefficient curves of the S series models, it can also be found that the response 

time of the various models is not the same. Figure 5.16 compares the response time of the 

S0, S3, and S5 models. It can be seen from the figure that the curve of the S5 model has a 

noticeable fluctuation around 0.02s, the curve of the S3 model begins to fluctuate around 

0.05s, and the curve of the S0 model begins to fluctuate around 0.1s. 

Response time represents how quickly the model can start to vibrate, and the faster the 

response time, the faster the piezoelectric energy harvester can start to harvest energy. 

From the analysis, it can be concluded that the models with a longer tail structure have a 

shorter response time. 

 

Figure 5.16 - Response Time Analysis. 
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5.2.5 Discussion and Conclusion 

In this section, simulations of the S-series models were carried out, and as the length of the 

tail increased, the lift coefficient of the model also increased. However, the vibration 

frequency of the model decreased as the length of the tail increased, which can also be 

concluded from the analysis in Section 5.2.4.2. As the length of the tail increases, the area 

of the inner circulation produced becomes larger and larger, and as the boundary layer of 

the fluid flows around to the other side of the centreline of the tail structure, inner 

circulation causes the formation of a negative pressure region. However, as the area 

becomes larger and larger, the time required to form an inner circulation also becomes 

longer, so the frequency becomes lower and lower. 

Another point worth noting is that the S1 model, like the S5 model, has a tail structure, but 

the length of the tail structure is different. However, there is no noticeable drop in the lift 

coefficient peak in the lift coefficient graph of the S1 model. It can be seen from Figure 5.7 

that the reason for this may be that the tail of the S1 model is too short, and it is easy for 

the boundary layer of the fluid to flow across the centreline of the rear of the tail. Therefore, 

this occurs during the rising period of the lift coefficient, so there is no noticeable drop in 

the lift coefficient peak in the lift coefficient graph of the S1 model. 

Additionally, the situation where the lift coefficient decreases for models with longer tails 

may be avoided in the future by adjusting the tail structure of the model. For example, by 

setting two symmetrical grooves on the upper and lower sides of the rear of the tail, the 

fluid can flow directly to the rear after passing through the groove instead of flowing to the 

other side across the centreline of the rear of the tail. 

Since the S-series models are used for vibration energy harvesting, piezoelectric kits are 

placed at the end of a fixed cantilever beam at the rear of the model, so both the amplitude 

and frequency of the model's vibration can affect the total power output. Therefore, the 

lift coefficient and frequency simulation results cannot effectively determine which model 

will have a higher power output. In the next chapter, the results of the simulation and 

experiments will be compared. 
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5.3 Study of Tail 

5.3.1 Geometry and Other Setting 

In order to compare with the experimental results, the S series models used in the previous 

section were the same as the models used in the experiment. This section will change the 

geometric shape of the models and change the length of the tail structure to observe 

whether the trend of the lift coefficient change is consistent as in the previous section. In 

addition, the maximum ratio of the tail length to the diameter of the front curved body of 

the S series models is 1 (i.e. The S5 model). In this section, the ratio will be increased at the 

same wind speed to investigate the effect of longer tails on the bluff body structure. Ten 

models with different tail structure lengths were simulated at 5m/s of wind speed, and 

Table 5-3 shows the geometric parameters of the 2D model which like Figure 5.1, and the 

tail lengths of each model. 

Table 5-3 - The Geometric Parameters for the P Series Models Simulation. 

Parameter Value Unit 

Inter Diameter of Curved Body 20 cm 

Thickness of Curved Body 0.1 cm 

Thickness of Tail 0.1 cm 

Rectangle Length 200 cm 

Rectangle Width 100 cm 

Model Number Tail Length (cm) Ratio of L/D 

P1 5 0.25 

P2 10 0.5 

P3 13 0.65 

P4 15 0.75 

P5 20 1 
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P6 25 1.25 

P7 30 1.5 

P8 40 2 

P9 50 2.5 

P10 60 3 

The generation of mesh was similar to Section 5.2, and the quality of the mesh was also 

checked, moreover the solver setting was the same as in Section 5.2. 

5.3.2 Result 

Being selected the P10 model with the longest and most representative tail length from 

among the ten models for analysis, its vector and contour plots are shown in Figure 5.17. 

Cycle 1 and cycle 2 represent the peak and bottom values of the lift coefficient curve when 

the model starts to fix amplitude vibration. The vector plot shows that inner circulation 

appears at the top and bottom ends of the P10 model, and the shear layer flows to the 

other side of the middle line of the tail structure along the inner circulation. When one side 

of the inner circulation is formed, the other side is also forming due to the longer tail length. 

Although the inner circulation on the other side is also formed and negative pressure is 

generated, the negative pressure generated is less than the inner circulation that has been 

formed. By comparing with the S5 model, it can be seen that the model with a longer tail 

length also generates a larger area of inner circulation, and the negative pressure produced 

by the inner circulation is also greater. 
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Figure 5.17 - Vector and Contour Plots for P10 Model at Key Points. 

The peak lift coefficient curves of the P series model have been selected and summarized 

in Figure 5.18. The simulation results of the influence of tail structure length on the lift 

coefficient are similar to those in Section 5.2, with the lift coefficient increasing 

continuously as the tail length increases. Compared to the P1 model (tail length 5cm), the 

lift coefficient of the P10 model increased approximately five times. It is worth noting that 

a reference area was set during the simulation of the lift coefficient in Section 5.2, so the 

lift coefficient values simulated for the S series models are higher. 

Figure 5.19 shows the influence of tail structure length on vibration frequency, again 

verifying that as the tail length increases, the vibration frequency becomes lower. Although 

the lift coefficient of the P10 model is high, its vibration frequency is 70% lower than that 

of the P1 model. 
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Figure 5.18 - Effect of Tail Length on Lift Coefficient (The P Series Models). 

 

Figure 5.19 - Effect of Tail Length on Frequency (The P Series Models). 

5.3.3 Discussion and Conclusion 

Through the simulations in this section, the results in Section 5.2 have been verified, and 

analysis has also been performed on models with particularly long tail lengths. Although 

the lift coefficient has been increasing as the tail length increases, the vibration frequency 

has been decreasing. It can be expected that as the tail length continues to increase, there 

will be a certain length at which, due to its lower vibration frequency, its power output will 

no longer increase and will begin to decrease as the tail length further increases. Therefore, 

an optimum length of the tail can be determined by the simulations for different model 
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configurations without needing to build and experimentally test different solid model 

geometries. 

5.4 Effect of Thickness of Curved Body 

In this section, the thickness of the curved body of the model will be simulated and studied. 

Generally speaking, for a bluff body at galloping vibration, the longer the hydraulic 

diameter, the more energy that can be harvested from the fluid. For the design, the thicker 

the body, the longer the hydraulic diameter, and the higher the lift coefficient should be 

obtained when the same inner diameter is given. However, as shown in the experimental 

result of Chapter 4, the power output increases when the curved body's thickness is 

reduced. Therefore, this study aims to understand how the change in thickness of the 

curved body of the model affects the fluid flow and how lift coefficient and vibration 

frequency change when the thickness is reduced. 

5.4.1 Geometry and Other Setting 

In this section, two groups of models will be compared. The first group compares the R2 

and S5 models, with the parameters of the R2 model and the simulation setup being the 

same as those of the S series models simulated in Section 5.2, except for the thickness. The 

second group will be changed the simulation time step, and the S4 model and the R1 model 

with different thicknesses of the curved body under a different time step than the previous 

simulation will be tested. Through these two groups of tests, not only can the effect of 

thickness on lift coefficient and frequency be tested, but also the effect of time step on the 

simulation results. The parameters of the four models are given in Table 5-4. 

Table 5-4 - The Parameters of the Models Geometry and Simulation. 

Parameter Value Unit 

Thickness of Tail 4 mm 

Rectangle Length 400 mm 

Rectangle Width 200 mm 
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Model 

Number 

Tail Length (mm) Curved Body Thickness (mm) Simulation Time Step 

(s) 

S5 40 2 0.001 

R2 40 0.5 0.001 

S4 30 2 0.005 

R1 30 0.5 0.005 

The mesh generation setting and simulation solver setting was the same as in Section 5.2, 

and the quality of the mesh was also checked.  

5.4.2 Result 

The comparison curve of lift coefficient for the first group (S5&R2 models) is shown in 

Figure 5.20, where the blue curve represents the R2 model (thickness 0.5mm) and the 

orange curve represents the S5 model (thickness 2mm). Compared to the orange curve, 

the blue curve has a faster response time. As can be seen in the figure, when the peak of 

the blue curve reaches the highest point, it is 0.246s, while the orange curve is 0.397s. In 

addition, when the model starts fixed-amplitude motion, the peak of the blue curve is 

slightly larger than that of the orange curve, whereas the vibration frequency of the orange 

curve is greater than that of the blue curve. 

 

Figure 5.20 - Lift Coefficient Comparison for First Group (S5&R2). 
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Theoretically speaking, the larger the hydraulic diameter of a bluff body, the more energy 

it can harvest. The following images show the vector plots of the peak points for the S5 

model and the R2 model when the model starts fixed-amplitude motion. From the 

comparison of the vector plots (Figure 5.21), it can be seen that when the inner diameter 

of the front curved body is the same, the reduction of thickness makes the boundary layer 

flowing through the front curved body lower, thus making the centre of the inner 

circulation formed at the top of the tail structure lower, which means that the inner 

circulation formed is closer to the tail structure. As a result, the negative pressure area 

formed is closer to the model, making the net lift of the model higher. For cycle 2, due to 

the influence of fluid viscosity, the generated inner circulation is closer to the tail structure, 

causing the vortex shedding to be slightly slower than cycle 1. Therefore, although the net 

lift of cycle 2 is greater than that of cycle 1, the frequency is smaller than that of cycle 1. 

 

Figure 5.21 - Vector plot Comparison for First Group (S5&R2). 

 

Figure 5.22 - Lift Coefficient Comparison for Second Group (S4&R1). 
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The second group of models (S4&R1 models) shows the same trend as the first group, with 

the R1 model (thickness 0.5mm) having a higher lift coefficient and faster response time, 

but a slightly lower frequency than the S4 model, as shown as Figure 5.22. It is worth noting 

that, due to the adjustment of the time step, the frequency of the second group of models 

is far lower than that of the first group of models. The time step of the second group is 

increased from 0.001s to 0.005s, while the frequency of the S4 model is about 1.6Hz, and 

the frequency of the S5 model is about 23Hz. 

5.4.3 Discussion and Conclusion 

In this section, the effect of the thickness of the curved body on the lift and frequency of 

the model was simulated and studied. From the results, it can be seen that although the 

amount of thickness change is not large (from 2mm to 0.5mm), it can still be found that the 

reduction of thickness increases lift and reduces frequency. In the real piezoelectric energy 

harvesting, the thickness of the model should be determined according to the properties 

of the piezoelectric kit used. If the piezoelectric kit is very sensitive to the stress applied to 

its surface, the thickness of the curved body should be minimized as much as possible in 

order to increase lift and improve the vibration amplitude. In addition, from the result in 

the second group, it can be seen that the simulation time step affects the frequency of the 

result curve. Under the same time step setting, the curve frequency can be compared to 

obtain the trend of change, but the calculated frequency in simulation cannot be verified 

with experimental data. 

5.5 Conclusion 

In this chapter, a simulation study of the design was conducted. First, in order to compare 

with the experimental results of Chapter 4, the S series models used in the experiment 

were studied. Then, the geometric shape of the model was changed, and the length of the 

tail structure was studied in more depth, exploring the performance of the model when 

the ratio of tail length to the diameter curved body was 3. Finally, the thickness of the 

curved body was studied. Through the simulation study in this chapter, it can be 

determined how different models perform in fluids and the state of the fluid when it flows 

through the models and the principle of how the lift and frequency of the model change. 
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When the fluid flows through the design model, the inner circulation formed on both sides 

at the model's tail is the main cause of the negative pressure generated. This chapter also 

demonstrated the effectiveness of the design. The lift coefficient of the S5 model increased 

by about 57% compared to the S0 model without a tail structure when the wind speed was 

7m/s. 

A new piezoelectric energy harvester design (a reverse C shape with a tail) has been 

proposed in this work. The design has a more significant lift coefficient and has the 

potential to have a larger energy output than the conventional designs. For the simulation 

study of the effect of tail length, the effect on lift coefficient and frequency has been 

obtained, and the experimental results will be verified with the simulation results from this 

study. The study has identified an opportunity for enhanced device efficiency by design and 

deployment that could contribute to tackling climate change. 
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CHAPTER 6. SIMULATION/EXPERIMENT VALIDATION 

6.1 Introduction 

In this chapter, the experimental results will be compared with the simulation results in 

order to study whether the simulation results can accurately predict the experimental 

results, and the results will be discussed in this context. If the simulation results can predict 

the experimental results, in the future improvement of the model, the initial validation can 

be done through simulation without the need to create a model through a 3D printer in 

order to reduce costs of experimentation and waste. In addition, this chapter will also 

discuss the power output of the piezoelectric energy harvester. The design of the model 

will affect the vibration amplitude and frequency of the harvester, but the harvester needs 

to use the piezoelectric kit to harvest energy during vibration, so it is important to explore 

the factors that affect the power output of the piezoelectric energy harvester. Finally, 

although this thesis presents a model of a piezoelectric energy harvester, there are many 

restrictions in its actual application. This chapter will also discuss the design of a 

piezoelectric energy harvester in real application. 

6.2 Comparison the Result 

6.2.1 Lift Force 

In the experiments and simulations, the lift force of the S series models was tested, and 

data was collected. The differences between the lift force data in the experimental and 

simulation results can be observed by comparing them. In the simulation, the lift coefficient 

monitor was set up, and to make the data clearer and easier to compare, the reference 

area was also set up before the simulation. Therefore, the lift coefficient needs to be 

divided by the reference area in order to obtain an accurate lift coefficient. According to 

Equation 6.1, the lift force data simulated for the S series models can be calculated as 

shown in Table 6-1. 

𝐶𝐿 =
𝐹𝐿

1
2𝜌𝑉∞2𝑙

 

Equation 6.1 
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Where 𝐶𝐿  is the lift coefficient, 𝜌  is the fluid density, 𝑉∞  is the velocity of fluid, 𝑙  is the 

characteristic length and 𝐹𝐿 is the lift force. 

Table 6-1 - Lift Force (N) of Simulation Result for S Series Models. 

 

3 m/s (N) 

+/- 0.01 

4 m/s (N) 

+/- 0.01 

5 m/s (N) 

+/- 0.01 

6 m/s (N) 

+/- 0.01 

7 m/s (N) 

+/- 0.01 

S0 0.22 0.41 0.64 0.97 1.34 

S1 0.23 0.43 0.69 1.01 1.40 

S2 0.27 0.49 0.79 1.14 1.51 

S3 0.29 0.52 0.80 1.16 1.60 

S4 0.31 0.55 0.94 1.35 1.73 

S5 0.37 0.67 1.05 1.54 2.11 

The experimental results of the lift force data were measured by a force sensor, and the 

force sensor was connected to the model through a cantilever beam. The force sensor 

measures torque and converts it into different forces in different directions. When 

comparing the experimental data with the simulated data, what is being compared is the 

lift force experienced by the model, so the experimental data needs to consider the length 

of the cantilever beam in order to calculate the lift force experienced by the front model. 

The lift force data for the experimental results of the S series models is shown in Table 6-2. 

Table 6-2 - Lift Force (N) of Experiment Result for S Series Models (Aluminium). 

 

3m/s (N) 

+/- 0.01 

4m/s (N) 

+/- 0.01 

5m/s (N) 

+/- 0.01 

6m/s (N) 

+/- 0.01 

7m/s (N) 

+/- 0.01 

S0 0.59 0.66 0.70 0.76 1.03 

S1 0.61 0.85 0.97 1.05 1.13 

S2 0.88 0.94 1.36 1.44 1.54 

S3 1.13 1.27 1.49 1.68 1.90 
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S4 1.36 1.53 1.71 1.95 2.12 

S5 1.86 2.00 2.06 2.24 2.40 

For ease of comparison, the ratio of experimental results to simulation results for the S 

series models is shown in Figure 6.1. From the figure, the following three points of 

difference can be observed. 

⚫ Firstly, although the curves intersect at some points in the graph, the trend of the 

curves shows that, at the same wind speed, in most cases the longer-tailed models 

(such as the S5 model) have a larger difference between experimental and simulation 

results. 

⚫ Secondly, the ratio of experimental results to simulation results for the S series models 

increases as the wind speed increases, and the ratio of the two results is approximately 

1 at a wind speed of 7m/s (the results are similar), while at low wind speeds, the 

simulation results are much lower than the experimental results. 

⚫ Finally, at a wind speed of 7m/s, the ratios for the S2-S5 models are all close to 1, but 

slightly less than 1. However, the simulation results for the S0 and S1 models at 7m/s 

are greater than their experimental results. 

 

Figure 6.1 - The Ratio of Experimental to Simulated Lift Force. 

Before comparing the experimental and simulation results, it is necessary to first describe 

the basis of the two results. The simulation results are obtained through static simulation, 

which means that the model remains stationary during static simulation, while the fluid 
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flows through the model to achieve relative motion. The experimental results are tested in 

a wind tunnel, where the model vibrates from left to right with the flow of the wind, and 

the larger the vibration amplitude of the model, the larger the data displayed by the force 

sensor. 

First, the difference between the experimental and simulation results for the model with 

the longer tail is bigger. Using the S5 model and the S0 model as examples, the difference 

between the two models is the length of the tail. In the simulation, since the model is 

stationary, the model is only subjected to the lift force caused by the change in the fluid. 

However, as shown in Figure 6.2, when the S5 model starts to vibrate, a negative pressure 

appears on the left side of the model, and then the model tilts to the left side. However, 

with the tilt of the model, the wind at the front gives the model a drag force in the direction 

of deflection, causing the model to deflect over a larger range. The longer tail structure 

means that the drag force to the model's deflection is larger, so the difference in the results 

for the S5 model will be larger than the difference in the S0 model. 

 

Figure 6.2 - Model Deflection Simulation Diagram. 

Therefore, in general, in the experiment, the initial drag force of the model does not affect 

its vibration. However, once the vibration starts, the drag force increases the vibration 
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amplitude of the model. Because the model is fixed with the cantilever beam, when the 

vibration amplitude of the model reaches the maximum, the elastic potential energy of the 

cantilever beam will bring the model back to its original position. 

Therefore, for the experimental results, the data received by the force sensor is composed 

of two parts, one part is the lift force caused by the shape of the model, and the other part 

is the drag force caused by wind. When the wind speed increases, the lift force of the model 

significantly increases, but due to the design of the model, the influence of the wind drag 

force on the model decreases, and the lift force of the model dominates. Therefore, in the 

experiments of the S series models, when the wind speed increases, the experimental 

results of the model approach the simulation results. 

According to this theory, as the wind speed increases, the experimental results should 

approach and never exceed the simulation results. However, as can be seen in the graph, 

when the wind speed is 7m/s, the simulation results of the S0 and S1 models are greater 

than their experimental results. This is guessed to be related to the tail structure of the 

model. When the model deflects, the wind drag force at the front acts on the tail structure 

of the model for the model with a longer tail, causing the model to deflect further. However, 

for the S0 and S1 models, they do not have a tail, or the tail structure is too short, so there 

is no drag force acting on the tail structure when they deflect, but rather all the drag force 

acts on the curved body at the front, and that suppress their vibration. Finally, this resulted 

in the experimental results of the S0 and S1 models being smaller than their simulation 

results. There may be another reason for the abnormal lift force results of the S0 and S1 

models, which will be discussed in the next section. 

6.2.2 Frequency 

The frequency of the simulation results is related to the time steps set in the simulation, 

but the trend of the frequency should be consistent with the experimental results. However, 

by comparing the simulation results with the experimental results, it can be found that the 

trend of the frequency of S0 and S1 in the experimental results is different from that in the 

simulation results as shown in Table 6-3 and Table 6-4. 
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Table 6-3 - Frequency (Hz) of Simulation Result for S Series Models. 

 

3 m/s (Hz) 

+/- 0.0001 

4 m/s (Hz) 

+/- 0.0001 

5 m/s (Hz) 

+/- 0.0001 

6 m/s (Hz) 

+/- 0.0001 

7 m/s (Hz) 

+/- 0.0001 

S0 14.0845 18.6672 23.3918 27.7778 31.4961 

S1 13.7457 18.4162 22.7273 27.3973 31.2500 

S2 13.5135 18.1818 22.4215 26.6667 31.0559 

S3 12.6183 16.6667 20.5761 24.4756 28.5714 

S4 12.0482 15.8730 19.4175 23.1793 27.0270 

S5 10.4932 13.6986 16.8776 20.1613 23.2558 

 

Table 6-4 - Frequency (Hz) of Experiment Result for S Series Models. 

 

3m/s (Hz) 

+/- 0.0001 

4m/s (Hz) 

+/- 0.0001 

5m/s (Hz) 

+/- 0.0001 

6m/s (Hz) 

+/- 0.0001 

7m/s (Hz) 

+/- 0.0001 

S0 1.5701 1.5679 1.5843 1.5610 1.5497 

S1 1.5871 1.5637 1.6026 4.6904 4.6339 

S2 4.3649 4.3898 4.3649 4.3440 4.3478 

S3 4.1771 4.2463 4.2123 4.2159 4.2017 

S4 4.1305 4.1459 4.1442 4.0933 4.1322 

S5 3.9216 3.9216 3.9479 3.9293 3.9185 

According to the simulation results, the longer the tail length, the lower the vibration 

frequency, while in the experimental results, the frequency of the S1 model suddenly rises 

and exceeds other models when the wind speed is 6m/s. The S0 model has the lowest 

frequency among all models at all experimental wind speeds. This is related to the statistics 

of the experimental results, which can be seen in Figure 6.3; the lift coefficient curve of the 

S0 model is not a simple sine wave shape, but a periodicity high-frequency small-amplitude 
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vibration. The curve of the S1 model before the wind speed is 6m/s is similar to that of the 

S0 model, but when the wind speed is 6m/s, its waveform becomes a sine wave shape. 

Since the vibration of the S0 model can be observed to have a clear periodicity, the 

frequency of such periodic small-amplitude vibrations is assumed to be the periodic 

frequency. Comparison with the simulation result shows that the vibration frequencies of 

the S0 and S1 models are theoretically higher than those of the other models. However, 

due to their vibration process in the experiment, it is difficult to determine their vibration 

frequencies, which ultimately leads to the inconsistency between the experimental results 

and the simulation results. 

Overall, the reason for the inconsistency between the experimental results and the 

simulation results is due to the different statistical methods used for the experimental 

results. If the frequency is calculated based on the small-amplitude vibrations of the S0 and 

S1 models, their frequencies are indeed higher than those of the other models, which is 

consistent with the trend of the simulation results. 

 

Figure 6.3 - The Lift Force of the S0 and S1 Model at 7m/s (Aluminium). 

Similarly, the difference between the lift coefficient result of the S0 and S1 models in the 

experiment and the simulation result may also be due to the fact that they are not sine 

wave shapes, so their peak lift coefficient can only be calculated by calculating the average 

of the peak values of the small-amplitude vibrations, which leads to errors. 
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Regarding the experimental results of the vibration frequency of the S series model, it can 

be seen from Figure 4.16 (aluminium cantilever beam) and Figure 4.25 (plastic cantilever 

beam), the frequency of the S series model decreases with increasing wind speed. But the 

simulation results show that as the wind speed increases, the inner circulation falls off 

faster, so the frequency increases. This difference should also be related to the drag force 

of the wind to the model. As the wind speed increases, although the influence of the drag 

force on the maximum vibration amplitude becomes smaller, the drag force prevents the 

model from returning to the starting point, thus increasing the model's vibration period 

time. So the experimental results will show that the vibration amplitude of the model is 

lower when the wind speed is higher. 

Therefore, by comparing, it can be basically proved that the simulation results are effective. 

When evaluating the impact of the bluff body structure on the piezoelectric energy 

harvester, simulation can be used for analysis. Although factors such as the drag force need 

to be considered in the experiment, the general trend can be effectively analysed by 

simulation. 

6.3 Power Output Analysis 

The piezoelectric kit is placed on the cantilever beam at the rear of the model, and the 

application of stress to the surface of the piezoelectric kit will cause it to produce the power 

output. Therefore, in the experiment, the bending of the cantilever beam causes the 

piezoelectric kit to bend, thereby producing power output. In the experiment, the high lift 

force results mean that its angle of deflection is greater, and the models with high lift force 

results also have higher power output in the experiment. In addition, it can be found from 

the comparison between Figure 4.16 and Figure 4.17 that the increasing rate of lift force 

curve of the S series models is roughly the same, but the output voltage curve of the S1 

model rises significantly when the wind speed is 5m/s, and it is also at 5m/s that the 

frequency of the S1 model starts to rise. Therefore, it can be proved that the power output 

of the piezoelectric kit is positively correlated with the vibration and lift force of the model. 

As two important parameters (vibration frequency and lift force) affecting the power 

output of the piezoelectric kit, it is difficult to determine which factor has a greater impact 

on power output based on experimental results. However, according to simulation results, 
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as the tail length continues to increase, the lift coefficient will continue to rise, while the 

vibration frequency will continue to decrease. Therefore, with the increase in tail length, 

the drag force the model receives will further increase, meaning that the model's vibration 

frequency will be lower than the simulation results. So, it can be expected that as the 

model's tail length continues to increase to a certain critical point, the model's voltage 

generated and power output will begin to decrease due to its too-low vibration frequency 

as shown in Figure 6.4. 

 

Figure 6.4 - Power Output Trend with Increased Tail Length. 

6.4 Piezoelectric Energy Harvesters in Real Application 

It can be seen from the experimental results that there are some differences of the 

vibration data (lift force etc.) and power output of the model between the experimental 

result and the simulation result. For example, in simulation, the thinner the thickness of 

the front curved body of the model, the greater the lift force will be, but in the actual 

experiments, the model with a thin curved body is easy to fail in production and easily 

damaged in experiments, especially in the case of high wind speeds. Therefore, in this 

section, the design of the novel piezoelectric energy harvester will be considered and 

analysed from a practical perspective, combining experimental results and simulation 

results. The analysis will be divided into three aspects: firstly, analysing the design of the 

front model; secondly, analysing the selection of the cantilever beam; and finally, analysing 

the piezoelectric film. 
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Firstly, for the front-end model, in this article's experiment, the front-end model uses a 3D 

printer for printing. Using a 3D printer has the advantage of making the model more 

convenient and with lower production costs. However, because the model is made of 

plastic, it results in the overall weight of the model being lighter, and because the 3D printer 

will print the model layer by layer, in some thinner structures, the printed model is prone 

to breaking or defects. When the vibration frequency of an object is close to its natural 

frequency, the vibration amplitude of the object will increase. Therefore, in the design of 

piezoelectric energy harvesters, the vibration frequency of the model and cantilever beam 

should be as close as possible to their natural frequency. Generally, the greater the mass, 

the lower the natural frequency. And because plastic models are prone to damage, it is 

possible to use a 3D printer to make models during the experiment to determine the 

performance of the model, but in practical applications, models can be made of aluminium 

or other metals so that the model's surface body thickness can be thinner, the model more 

robust, and its natural frequency also lower. Additionally, mass blocks can be added to the 

end of the cantilever beam to increase the overall weight and adjust the overall natural 

frequency while ensuring the model remains unchanged as shown in Figure 6.5. 

 

Figure 6.5 - Cantilever Beam with Mass Block [8]. 

The selection of the cantilever beam has long been an important indicator that affects the 

piezoelectric energy harvester, which has been overlooked in many kinds of research. 

Through the comparison of the experiment results of different cantilever beams, it can be 
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seen that different cantilever beams can not only affect the vibration performance of the 

front-end model but also affect the power output of the entire piezoelectric energy 

harvester. In this article, two different cantilever beams, aluminium cantilever beams and 

plastic cantilever beams, were used. Although the plastic cantilever beam has better results 

in some model experiments because it is closer to its natural frequency, the performance 

of the model with a plastic cantilever beam is not stable, and it depends on the larger wind 

speed. At low wind speeds, its performance is not as good as the aluminium cantilever 

beam. If the weight of the front-end model is adjusted so that the model with the 

aluminium cantilever beam is also close to its natural frequency, the performance of the 

aluminium cantilever beam should be better than that of the plastic cantilever beam. 

Aluminium cantilever beams are widely used in most piezoelectric energy harvesting 

research, but as the front-end model continues to improve, the amplitude and frequency 

of vibrations also increase.  

 

Figure 6.6 – Tail Structure with Grooves. 

In the experiments conducted of this thesis, two aluminium cantilever beams have broken 

due to metal fatigue. In the future design of piezoelectric energy harvesters, the metal 

fatigue of the cantilever beam should be taken into consideration.  

According to the flow trend of the fluid in the simulation results of this thesis, adding two 

grooves on both sides of the end of the tail structure, as shown in Figure 6.6, may further 

increase the performance of the piezoelectric energy harvester. 
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Figure 6.7 - Illustration of a Cantilever Beam Covered with Piezoelectric Films on Both Sides. 

Finally, the piezoelectric kit is the most important component in the entire piezoelectric 

energy harvester, and its function is to convert vibration into power output. In the 

experiment, only one piezoelectric kit was placed on one side of the cantilever beam, but 

in practical applications, piezoelectric kits can be placed on both sides of the cantilever 

beam, and the number of placed piezoelectric films can be increased. Under ideal 

conditions, a whole piezoelectric film is placed on both sides of the cantilever beam as 

shown in Figure 6.7, so as to maximize the power output of the entire piezoelectric energy 

harvester. In the comparison of the two different piezoelectric kits, it can be seen that the 

M-2807-P2 piezoelectric kit although more expensive, is roughly ten times the cost of the 

LDT0-28K piezoelectric film (about 40 pounds), but its voltage output is also nearly ten 

times higher than LDT0-28K. Because the surface space of the cantilever beam is limited, 

LDT0-28K piezoelectric film is a better choice for piezoelectric film selection.  

6.5 Conclusion 

In this chapter, through the comparison of experimental results and simulation results, it is 

proven that simulation can be used in the design model stage to determine the 

effectiveness of the innovative design. And there are some differences between the 

experimental results and the simulation results, which also conforms to the principle of 

galloping. Galloping, as a widely used vibration in piezoelectric energy harvesters, is mainly 

characterized by the fact that the object's vibration is enhanced due to the force direction 

and its motion direction being the same. And the amplitude of galloping will increase with 

the increase of wind speed, unlike VIV. 

This chapter also provides a brief analysis of energy output and gives the direction that 

needs to be taken into account when designing piezoelectric energy harvesters in real 
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application in the end. Overall, through this chapter, the validity of experimental results 

and simulation results can be basically determined. 
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CHAPTER 7. CONCLUSION 

7.1 Experimental Findings 

7.1.1 Conclusion 

During the experimental phase, three series of models were mainly used for comparative 

experiments, and two different materials of cantilever beams (aluminium and plastic 

cantilever beams) were also selected to be compared with the S series models. Finally, a 

comparison was also made between the two widely used piezoelectric kits. The 

experimental data came from the force sensors placed at the end of the cantilever beam 

and the oscilloscope connected to the piezoelectric kit on the surface of the cantilever 

beam.  

Specific findings are as follows: 

⚫ Adding a tail structure behind the traditional curved body structure was observed to 

improve the model's performance effectively. The T2 model has another 22.75mm tail 

structure than the T1 model, but when the wind speed is 7m/s, the lift coefficient of 

the T2 model is twice that of the T1 model, and the voltage output is about five times 

that of the T1 model. 

⚫ The originally planned A series models were redesigned as S series models due to the 

problem of different models' centre of gravity. The S series models consist of six 

models with increasing tail lengths, where the tail length of the S5 model is 40mm, and 

the S0 is a curved body structure without a tail. It was observed that the peak lift of 

the S5 model was approximately 2.5 times that of the S0 model under the experimental 

wind speed. At a wind speed of 7m/s, the power output of the model (S5 model) was 

175.48μW, while that of the S0 model was only 3.54μW. This verified that the model 

is more effective and improves. 

⚫ The R series models were mainly used to study the effect of the front curved body 

thickness of the model on the model performance. When the thickness becomes 

thinner, both lift and voltage output will have a small increase. 

⚫ The experimental comparison of the two cantilever beams shows that the natural 

frequency of the model and the cantilever beam has a great impact on the vibration 
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performance of the model. Although plastic cantilever beams have a larger power 

output at a specific wind speed, the power output of aluminium cantilever beams is 

more stable at all wind speeds. 

⚫ Finally, the experiments for different piezoelectric films show that the M-2807-P2 

piezoelectric film has excellent performance, and once again verifies the excellent 

power output of the S5 model. When the M-2807-P2 piezoelectric film is used, the S5 

model can reach a power output of 2.152mw at 7m/s, while the S0 model is only 

0.057mw. 

7.1.2 Suggestions for Future Work 

In the experiments of the A series models, due to the significant change in the centre of 

gravity of each model of the A series, the data recorded by the force sensor fixed at the 

end of the cantilever beam cannot be effectively analysed for this series of models. And in 

the test of the A series models, there were two breaks of the aluminium cantilever beam, 

which also increased the duration of the experiment. However, the centre of gravity of the 

S series models also changes, but the change is small and can be ignored in the calculation. 

Although the performance of the model can be observed through the results of voltage 

output and power output, the lift results of the model can be compared with the simulated 

lift force results. Therefore, in subsequent research, the tail structure can be separately 

made with lightweight materials and then pasted on the back of the curved body, so that 

more accurate lift force results can be obtained through the force sensor. 

Additionally, in the experiments of this thesis, the research on cantilever beams is limited 

to the study of their materials due to time constraints. In subsequent research, the length, 

width, and thickness of the cantilever beams can be further studied. The position of the 

piezoelectric kit on the cantilever beam can also be studied in the future. Theoretically, the 

more piezoelectric kits are placed, the greater the overall energy output will be. However, 

considering the price of the piezoelectric kits, the most suitable position for placing the 

piezoelectric films should be found in order to maximize power output. 

Finally, this paper presents a model, but other parameters of the model can also be studied 

in the future, such as the length of the model's curved surface, the thickness of the model's 
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tail, and other factors, so that the performance of the model can be further improved based 

on the research in this thesis. 

7.2 Simulated Findings 

7.2.1 Conclusion 

In the simulation stage, in addition to simulating the S series models and R series models 

used in the experiment in 2D, further simulation research was also conducted on the length 

of the tail. In this study, the longest model's tail length was increased to three times the 

diameter of the front curved body.  

The main findings in the simulation are as follows: 

⚫ The formation of inner circulation at the back of the curved body is one of the main 

reasons for the lift generated by the model. For models without a tail structure, inner 

circulation also forms, but the area is smaller, so the area of the negative pressure 

region is smaller, and the lift is smaller eventually. In contrast, for the model, due to 

the obstruction of the tail structure, the area of the inner circulation generated on both 

sides will increase as the tail length increases. Although this will cause the frequency 

of vortex shedding to decrease, it will greatly increase the lift of the model. 

⚫ Additionally, it can be seen from the flow of fluid that when vibration first starts, the 

lift force will reach a peak, and afterwards the lift force peak value will slightly decrease 

and remain stable. This is due to the fluid flowing through the end of the tail structure 

at one side flowing towards the other side. If this situation can be avoided, the lift force 

will be further enhanced. 

⚫ It is undeniable that as the length of the tail structure increases, the lift force will be 

greater, but the vibration frequency of the model will decrease. Because power output 

is affected by both the vibration amplitude and frequency, when the tail length 

increases to a certain critical point, power output will begin to decrease, and the power 

output and tail length curve is expected to be a parabolic shape. 

⚫ Finally, it has been proven that the front end of the curved body becoming thinner will 

indeed increase lift force; this is due to the inner circulation generated on one side of 
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the tail structure being closer to the model surface. This will make the negative 

pressure on the model surface lower, and thus obtaining greater lift force. 

7.2.2 Suggestions for Future Work 

Through simulation, it can be seen that the inner circulation formed at the tail is the main 

reason for the lift force generated, so in future research, the model design can be 

appropriately changed to increase the inner circulation area. Additionally, in order to 

obtain higher lift force, in the future one can try to add a groove on the ends of the tail 

structure on both sides, so that the fluid can flow along the groove instead of flowing to 

the other end of the tail structure. 

In subsequent simulations, further research can also be done on the thickness of the tail 

structure. According to existing research theory, the thinner the tail structure, the greater 

the lift will be. But this theory still needs to be verified by subsequent simulations. 

It is worth noting that the simulation used in this article is a static 2D model, so only changes 

in fluid flow through the model can be observed. In subsequent research, a dynamic 3D 

model can be used for simulation to obtain more accurate results. 

7.3 Validating Findings 

7.3.1 Conclusion 

In comparing the experimental and simulation results, the main comparison was of the lift 

and frequency results. And based on these two results, suggestions were given for 

improvements in energy output and the application of piezoelectric energy harvesters in 

real application.  

The main findings of the validation are as follows: 

⚫ By comparing the experimental results with the simulation results, the effectiveness of 

the model was verified, and it was observed that the difference between the 

simulation and experimental results increases as the tail structure of the model 

becomes longer. 

⚫ The cause of this difference is considered to be the combined effect of the lift force 

and the drag force that the model receives. The drag force that the model receives is 
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in the same direction as the movement of the model, which allows the model to obtain 

a greater amplitude, which is consistent with the principle of the galloping motion. 

⚫ The larger the experimental wind speed is, the closer the simulation results are to the 

experimental results. This is considered to be due to the fact that under high wind 

speeds, the lift force is the main driving force for the model's vibration. Therefore, the 

proportion of interference from the drag force the model receives is reduced, thus 

making the two results closer. 

⚫ However, it is also due to the drag force that the model receives that the vibration 

period time of the model becomes longer, thereby reducing the vibration frequency. 

This makes the vibration frequency of the model increase with wind speed in the 

simulation, but in the experiment, the frequency of the same model remains 

unchanged at different wind speeds. 

7.3.2 Suggestions for Future Work 

From the comparison, it can be seen that the difference between the simulation and 

experimental results can be explained and accepted. Therefore, in subsequent designs, 

initial research and validation can be performed through simulation in order to reduce 

experimental consumption. Experimentation is also necessary due to the drag force, 

especially if the initial validation uses 2D static simulation. 

Since only lift force and frequency results can be given in the simulation, while power 

output is related to both parameters, in future experiments, models with longer tail lengths 

should be made and tested in experiments, and the power output of different tail length 

models should be recorded in order to find the best tail length size. 

In the future, the production of experimental models should calculate the natural 

frequency of the model and cantilever beam, and by changing materials, adding 

counterweights and other methods, so that the produced model can approach its natural 

frequency, and achieve better results. 

In general, the design of the front-end model is one aspect of improving the efficiency of 

the piezoelectric energy harvester. The selection of the cantilever beam and the selection 

of the piezoelectric kit will also greatly affect the power output of the harvester. When 
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designing the front-end model, it is also necessary to consider whether it can match the 

piezoelectric kit used. Some piezoelectric kits have a maximum bending angle, if exceeded, 

it may damage the piezoelectric kit. Therefore, in the design of future practical applications, 

if the design of the front-end model, the selection of the cantilever beam, and the selection 

of the piezoelectric kit can be matched, the piezoelectric energy harvester will have higher 

power output and more widely used. 
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