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Prof. Xu Qingsong 

Power harvesting refers to the process of acquiring energy surrounding a system and 

converting it into electrical energy. In this project, a wind energy harvester has been 

designed and developed based on the mechanical mechanism with attaching the Macro 

Fiber Composite (MFC) onto cantilever beam to harvest energy from magnets interaction-

produced vibration. The background and theory related to the wind energy harvester were 

introduced at the beginning. The magnetic field changes along with the performances of 

different cantilever beam have been simulated by finite element analysis. Different 

flabellum and piezoceramic materials have been compared and selected. Pivot design 

parameters have been identified. The device prototype has been fabricated and different 

cantilever beam’s influences on the harvester output have been examined. Through making 

use of piezoelectric materials and harvesting circuits, the performance of the developed 

device has been tested by conducting experimental testing. Future improvement for the 

harvester has been illustrated. 
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CHAPTER 1:  INTRODUCTION 

1.1 BACKGROUND 

The International Energy Outlook 2016 (IEO2016) Reference case projects 

significant growth in worldwide energy demand over the 28-year period from 2012 to 2040. 

Total world consumption of marketed energy expands from 549 quadrillion British thermal 

units (Btu) in 2012 to 629 quadrillion Btu in 2020 and to 815 quadrillion Btu in 2040[1]. 

With that amount of demand, the Earth will eventually wither unless we have significant 

changes in the way we draw and use of energy. With the rapid development of energy 

harvesting technology, we decided to obtain energy from the human living environment. 

Energy harvesters provide a minuscule amount of power for low-energy electronics. 

Micro energy harvesting technology is based on mechanical vibration, mechanical stress 

and strain, thermal energy from furnace, heaters and friction sources, sunlight or room light, 

the human body, chemical or biological sources, which can generate mW or µW level 

power [2]. In this paper, we will focus on the micro energy harvesting by the piezoelectric 

material. 

The piezoelectric material, as it can develop electricity when pressure is applied, have 

the advantage of easy collection, simple structure, no contamination, no electromagnetic 

interference, no restraint of location and miniaturization.  
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1.2 THE DEVELOPMENT HISTORY OF PIEZOELECTRIC POWER 

The pyroelectric effect was studied by Carl Linnaeus and Franz Aepinus in the mid-

18th century. Based on that, both René Just Haüy and Antoine César Becquerel proved an 

inconclusive relationship between mechanical stress and electric charge [3]. 

Piezoelectricity was discovered in 1880 by French physicists Jacques and Pierre Curie, 

who demonstrated the effect using different cycle materials and find that Quartz and 

Rochelle salt exhibited the most piezoelectricity [4]. Soon after Gabriel Lippmann 

mathematically deduced the converse effect in 1881, the Curies showed that the 

coefficients for the direct effects and reverse effects are the same [5]. 

Auartz crystal model, a simple 2D model, based on the unique characteristic of certain 

crystalline lattices that deform under pressure, was first developed by Lord Kelvin in 1893 

to describe the effect [6] [7]. It was not until Woldemar Voigt, a German physicist, 

published the book’ Lehrbuch der Kristallphysik’ which describe the 20 natural crystal 

classes capable of piezoelectricity, that piezoelectric constants were defined by using 

tensor analysis [8]. 

The success usage of piezoelectricity by French Paul Langevin in sonar in WWI 

created intense development interest in piezoelectric devices [9]. In the early 1910s, the 

piezo constant of β-ZnS was theoretically calculated by Born and, at the beginning of 1920s, 

Cady invented the quartz oscillator. In the 1940s and 1950s, Tartrates and other water-

soluble crystals with large piezoelectric values were investigated [10]. It followed with the 

High piezoelectric refractory oxides (such as lithium niobate) were found in the 1960s [11] 

[12] [13]. Isomorphs of quartz were introduced in the late 1990s.The success usage of 
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piezoelectricity by French Paul Langevin in sonar in WWI created intense development 

interest in piezoelectric devices [9]. In the early 1910s, the piezo constant of β-ZnS was 

theoretically calculated by Born and, in early 1920s, Cady invented the quartz oscillator. 

In the 1940s and 1950s, Tartrates and other water-soluble crystals with large piezoelectric 

values were investigated [10]. It followed with the High piezoelectric refractory oxides 

(such as lithium niobate) were found in 1960s [11] [12] [13]. Isomorphs of quartz were 

introduced in late 1990s. 
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1.3. APPLICATION OF PIEZOELECTRIC POWER GENERATION TECHNOLOGY  

       In recent years, piezoelectric generators have already had many applications as it can 

be embedded in many places where energy exist in force or pressure forms. Apart from all 

these applications, such as highways, railways, airports, pedestrian lanes, driven by the 

wind is a potential way as it is commonly available. Comparing with other power 

generation method, the advantage and disadvantage of wind energy shows in table as 

follow: 

Table 1 Advantage and disadvantage of energy type 

 Advantage Disadvantage 

Wind energy 

 Clean 

 Inexhaustible 

 Easily available 

 Low Maintenance 

 Unstable 

 Uncontrollable 

Solar energy 

 Clean 

 Renewable 

 cost-effective 

 Easily available 

 Weather dependent 

 Low energy density 

Nuclear energy 

 Powerful and 

efficient 

 No greenhouse gas 

emissions 

 Environment 

pollution (nuclear 

waste) 

 Potential of high 

risk disaster 

Fossil energy 

 Abundantly 

available 

 Low-cost 

 Stability 

 Air pollution 

 Non-renewable 

 

 

The generation cycle is driven by natural energy.  The generators of harvesting energy 

from wind can mainly divide into four types: leaf, rotary, rotary to linear and beam. 
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In 2011, Bryant et all designed a beam type wind generator with two degrees of 

freedom [14].  Bearing joint, which is a simple pin connect with flap and beam, allows both 

the deformation of the beam to harvest energy and the rotation of flat to a better response 

to the wind.  According to experiment data, the most efficient position appears when flap 

and beam are perpendicular to each other. The analysis shows that there exist a flutter 

boundary for the system. So by the time when the condition beyond it, the limit cycle 

oscillations will appear and the system can reach steady state, which also guarantees the 

maximum energy can be obtained.  

 

 

 

 

 

 

 

 

 

 

In 2009, Li et.all, in order to harvest more energy, proposed a new structure called 

vertical-stalk L-type energy harvester. In this new structure, the core components include 

a polarized PVDF stalk, polymer leaf and a plastic hinge. The structure is shown in figure 

2. The fluctuating pressure forces, which caused by the vortices and leads to vibrations, 

are perpendicular to the motion. This device can be observed a maximum output power 

Figure 1 beam type wind generator with two degrees of freedom [14] 
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of 300μW with a 10MΩ load in 8m/s wind from a single layer vertical-stalk leaf with a 

short PVDF stalk [15]. There is another leaf type application made by S. J. Oh et. all in 

2009.  PVDF was embedding on leafs and PZT was on the trunk of the tree where 

bending can be realized under the strong wind [16]. 

 

 

 

 

 

 

 

In 2007, Myers et.all designed blades driven by different flow of wind [17]. The crank 

arm attached to the shaft, which rotates under the effect of wind, supplies linear motion for 

nine bimorphs’ deflection. In the condition of 10 miles/hour wind, it can generate 0.2mW 

across 30kΩ. The structure is shown in figure 3. In the same year, Chen et.all designed a 

new structure shown in figure 4 which piezoelectric bimorphs are placed in the formation 

of six rows and two columns. The six rectangular hooks on the shaft, with the linear height 

Figure 2 Horizontal & Vertical-Stalk Leaf [16] 
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of 4mm and at 12Hz, provide the motion to the bimorphs. Under this mechanism, it can 

obtain 1.2Mw across 1.7kΩ [18]. 

In 2005, Priya et. al designed a rotary type piezoelectric windmill which has ten 

cantilever form piezoelectric bimorphs. As transduces vibrate between stoppers, the 

windmill can obtain a maximum power of 7.5 mW with a load of 6.7 kΩ under the 10 

mph/h wind [19]. 

 

 

 

 

 

 

Other than the four types of wind power harvester list above, in 2010, Chang et. all 

given an alternative design which can transfer DC type regular wind into AC by adding a 

Figure 4 Schematic of piezoelectric windmill [19] 

Figure 3 Optimized design of small scale windmill (left) [17], prototype of rotary to linear wind 

generator (right) [18] 
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propeller between piezoelectric bimorphs and wind. Under the 3.5 m/s AC wind, three 

blades could lead the frequency of generator threefold. This design allows the piezoelectric 

bimorphs, with a proper size, works at the resonance frequency that can generate maximum 

power. 

. 

 

 

 

 

 

The wind power plays an important role in all the applications shown above, although 

the efficiencies are not meet the minimum energy requirement for devices, the demand for 

energy can be fulfilled by the future improvement of the piezoelectric materials and storage 

elements. By all means. Piezoelectric technology will become the primary clean energy in 

future. 

 

 

 

 

Figure 5 PVDF wind generator laboratory setup 



9 
 

1.4 OBJECTIVE 

In this project, an efficient wind energy harvester will be designed which use the 

interaction force between magnets as the external strike to vibrate the piezoceramic-

attached cantilever beam. As mentioned in the previous section, the wind energy harvester, 

so far, the research of wind energy harvester based on piezoelectric technology is relatively 

mature. However, the combination of wind energy and magnets is relatively lacking. The 

magnet cantilever beam structure has the advantage of indirect contact and not easy to wear.  

This thesis mainly completes the following work: 

i.  The Piezoceramics, as the energy conversion material, will be used in the 

design part. Based on the theoretical basis, the calculation will be conducted. 

ii. Through the usage of finite element analysis software, the magnet interaction 

process, as well as the performance of different shapes and thickness of 

cantilever beam, will be analyzed.  

iii. Assemble the prototype and tested different length, thickness cantilever beams’ 

influence to the output performance. The different number of magnets’ effect 

will be tested afterward. 
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CHAPTER 2: PIEZOELECTRIC THEORY 

 

2.1. OVERVIEW OF PIEZOELECTRIC POWER GENERATION THEORY 

       The piezoelectric material, which is the core feature of this project, has the ability to 

obtain electric energy from the mechanical vibration.  The properties of its own different 

from each other for different species and vibration mode, so it’s necessary to understand 

the theoretical basis behind the piezoelectric to gain the fundamental support for our project.  

Basically, for piezoelectric material, the application includes sensors, actuators, motors, 

reduction of noise and surgery. There exist two piezoelectric effects, one is the direct effect, 

and another is the reverse effect. The species include PZT, PVDF, etc. 

2.1.1. PIEZOELECTRIC EFFECT AND ENERGY HARVEST MODEL 

       There are two domains for the piezoelectric effect: the first one is direct piezoelectric 

effects which transform the mechanical strain into electrical charge. When the Piezoelectric 

material used as a sensor, this effect is responsible for it. The second one is called reverse 

effects, which convert the electrical potential into mechanical strain energy.  The 

piezoelectric material can be used as an actuator when this effect is applied.  

       Ferroelectrics, which is a large class of materials where piezoelectric belongs to, have 

the trait of oriented molecular structure such that the material exhibit a local charge 

separation (electric dipole). When the material reached the Curie temperature and applied 

a very strong electric field, known as poling, these electric dipoles will reorient themselves 

based on the electric field. After the process, the material will exhibit the piezoelectric 

effect. 
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There are two constitutive equations can describe the direct effects and reverse effect, 

which we assume that the piezoelectric transducers are being operated at low electric field 

levels and under low mechanical stress. Here, we assume the equations are based on the 

assumption that the mechanical strain, which induced by the stress, add up the actuation 

strain, which caused by the applied electric voltage, all goes to the transducer become the 

total strain. In Figure 7, 1 corresponds to the X axis, 2 relate to the Y axis and 3 refer to the 

Z axis. Axes 1 and 2 formed the plane perpendicular to axis 3, which is the direction of 

initial polarization of piezoceramic. This is shown in Figure 8 with a clearer demonstration.  

The constitutive equation can be written as:  

                                                            𝜀𝑖 = 𝑆𝑖𝑗
𝐸𝜎𝑗 + 𝑑𝑚𝑖𝐸𝑚  (1)  

                                                          𝐷𝑚 = 𝑑𝑚𝑖𝜎𝑖 + ξ𝑖𝑘
𝜎 𝐸𝑘 (2) 

 

The indexes i, j = 1, 2, 3…6 and m, k = 1, 2, 3 which indicate the different directions 

of material coordinate system as shown in Figure 8. The equations given above can be 

rewritten as follows: 

Figure 6 Schematic diagram of a piezoelectric transducer 
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                                                           𝜀𝑖 = 𝑆𝑖𝑗
𝐷𝜎𝑗 + 𝑔𝑚𝑖𝐷𝑚 (3)  

                                                         𝐸𝑖 = 𝑔𝑚𝑖𝜎𝑖 + β𝑖𝑘
𝜎 𝐸𝑘 (4) 

 

σ = stress vector (𝑁/𝑚2) 

ε = strain vector (𝑚/𝑚) 

E = vector of applied electric field (𝑉/𝑚) 

ξ = permitivity (𝐹/𝑚) 

d = matrix of piezoelectric strain constants (𝑚/𝐹) 

S = matrix of compliance coefficients (𝑚2/𝑁) 

D = vector of electric displacement (𝐶/𝑚2) 

g = matrix of piezoelectric constants (𝑚2/𝐶) 

β = impermitivity component (𝑚/𝐹) 

 

Here, we assume that variables D, E and σ are taken under the constant electric 

displacement, electric field and stress. The first equation was response for the converse 

Figure 7 Axis nomenclature 
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piezoelectric effect, while the second one illustrate the direct piezoelectric effect. The 

equation shown above can be rewritten in the matrix form: 

     

[
 
 
 
 
 
ε1
ε2
ε3
ε4
ε5
ε6]

 
 
 
 
 

  = 

[
 
 
 
 
 
𝑆11 𝑆12 𝑆13 𝑆14 𝑆15 𝑆16
𝑆21 𝑆22 𝑆23 𝑆24 𝑆25 𝑆26
𝑆31 𝑆32 𝑆33 𝑆34 𝑆35 𝑆36
𝑆41 𝑆42 𝑆43 𝑆44 𝑆45 𝑆46
𝑆51 𝑆52 𝑆53 𝑆54 𝑆55 𝑆56
𝑆61 𝑆62 𝑆63 𝑆64 𝑆65 𝑆66]

 
 
 
 
 

  

[
 
 
 
 
 
𝜎1
𝜎2
𝜎3
𝜏23
𝜏31
𝜏12]

 
 
 
 
 

 + 

[
 
 
 
 
 
𝑑11 𝑑21 𝑑31

𝑑12 𝑑22 𝑑32

𝑑13 𝑑23 𝑑33

𝑑14 𝑑24 𝑑34

𝑑15 𝑑25 𝑑35

𝑑16 𝑑26 𝑑36]
 
 
 
 
 

 [
𝐸1

𝐸2

𝐸3

]        (5) 

        

          [
𝐷1

𝐷2

𝐷3

] = [
𝑑11 𝑑12 𝑑13 𝑑14 𝑑15 𝑑16

𝑑21 𝑑22 𝑑23 𝑑24 𝑑25 𝑑26

𝑑31 𝑑32 𝑑33 𝑑34 𝑑35 𝑑36

] 

[
 
 
 
 
 
𝜎1

𝜎2

𝜎3

𝜎4

𝜎5

𝜎6]
 
 
 
 
 

 + [

𝑒11
𝜎 𝑒12

𝜎 𝑒13
𝜎

𝑒21
𝜎 𝑒22

𝜎 𝑒23
𝜎

𝑒31
𝜎 𝑒32

𝜎 𝑒33
𝜎

] [
𝐸1

𝐸2

𝐸3

]           (6) 

 

Assuming that the device is poled along axis 3 and view it as a transversely isotropic 

material. Then, some parameters have the relations list below:  

S11 = S22 

S13 = S31 = S23 = S32 

S12 = S21 

S44 = S55 

S66 = 2(S11 − S12) 

d31 = d32 

d15 = d24 
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e11= e22 = e23 

 

While other compliance coefficients and piezoelectric strain constants are equal to 

zero, the equation can be simplified to: 

[
 
 
 
 
 
ε1
ε2
ε3
ε4
ε5
ε6]

 
 
 
 
 

  = 

[
 
 
 
 
 
𝑆11 𝑆12 𝑆12 0 0 0
𝑆21 𝑆22 𝑆11 0 0 0
𝑆31 𝑆32 𝑆33 0 0 0
0 0 0 𝑆44 0 0
0 0 0 0 𝑆55 0
0 0 0 0 0 2(𝑆11 − 𝑆12)]

 
 
 
 
 

  

[
 
 
 
 
 
𝜎1
𝜎2
𝜎3
𝜏23
𝜏31
𝜏12]

 
 
 
 
 

 + 

[
 
 
 
 
 

0 0 𝑑31

0 0 𝑑32

0 0 𝑑33

0 𝑑24 0
𝑑15 0 0
0 0 0 ]

 
 
 
 
 

 [
𝐸1

𝐸2

𝐸3

]  

 (7) 

 

             [
𝐷1

𝐷2

𝐷3

] = [
0 0 0 0 𝑑15 0
0 0 0 𝑑24 𝑑25 0

𝑑31 𝑑32 𝑑33 0 10 0
] 

[
 
 
 
 
 
𝜎1

𝜎2

𝜎3

𝜎4

𝜎5

𝜎6]
 
 
 
 
 

 + [

𝑒11
𝜎 0 0
0 𝑒22

𝜎 0
0 0 𝑒33

𝜎

] [
𝐸1

𝐸2

𝐸3

] (8) 

 

The equation 5 illustrate the situation when the applied material is PCT. When the 

material change into PVDF used for actuators, the actuation matrix should be modified to 

[
 
 
 
 
 

0 0 𝑑31

0 0 𝑑32

0 0 𝑑33

0 𝑑24 0
𝑑15 0 0
0 0 0 ]

 
 
 
 
 

 

In the equations list above, the piezoelectric strain constant d, as well as ε, have the 

different definition in direct effect and reverse effect. In the direct effect, d means the ratio 
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of developed charge density to the applied mechanical stress and ε refers to the developed 

electric field divided by the applied mechanical stress. On the other hand, in the reverse 

effect, d is defined as the ratio of strain development to the applied field while the ε can be 

calculated by the strain developed divided by the applied charge density.  

 

The piezoelectric change constant, d, indicated the polarization generated per unit 

stress or, the mechanical strain per unit of the electric field applied.  There are five 

piezoelectric coefficients in total, known as d15, d25, d31, d32, and d33, in which d15=d25 and 

d31=d32. The first subscript indicates the direction of polarization generated when the 

electric field E is zero or, is the direction of the applied field strength. The second subscript 

is the direction of applied stress or induced strain. To be specific, d33 refers to induced 

polarization and stress applied both in direction 3. While d31 has the induced polarization 

in direction 3 and stress applied in direction 1. d15, which loading structure is difficult to 

achieve in microsystem, has the induced polarization in direction 1 while shear stress 

applied in direction 2. In the case of piezoelectric strain constant (d33, d31), the value for 

PVDF and MFC is different from each other and shown in table 1: 

 

Table 2 value of strain constant in pm/V or pC/N unit 

Strain constant PVDF MFC 

d33 -33 400 

d31 23 -170 

 

The cantilever beam has the feature of performance a large deformation by applying 

a relatively small force, so is commonly used in the energy harvester. Mode d31, which 
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make use of the change in the X direction, is suitable for the cantilever beam structure in 

the bending process. From Table 1, although the value of d31 is smaller than d33, d31 still 

have the advantage of soft and low resonant frequency. It became our choice for this project.  

 

 

2.2 THEORETICAL ANALYSIS OF PIEZOELECTRIC VIBRATOR  

Piezoelectric vibrator is an oscillating body which combined with piezoelectric 

element and substrate. The substrate is usually made by an elastic metal plate, such as brass 

sheet. With the protection of substrate, piezoceramics avoid the risk of broken because it 

is very brittle and. Piezoelectric vibrator is the basic composition unit of wind energy 

harvest device, also it’s a key device which can transform mechanical energy into electric 

energy. Therefore, it is very important to design and optimize the piezoelectric vibrator.  

2.2.1 STIMULATION METHOD OF PIEZOELECTRIC VIBRATOR 

Generally, the excitation mode of vibrator has three different ways, there are inertial 

vibration, shock vibration and forced vibration.  

a. Inertial vibration:  Through add an external force or a mass block on the free end 

of the piezoelectric vibrator, it starts to shake under the effect of inertia. This 

excitation mode will achieve a long period vibration, but it is unsatisfactory that the 

energy produced by piezoelectric vibrator. 
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b. Shock vibration: when the metal ball falls down from a certain distance, it impacts 

with the piezoelectric vibrator. Then the vibrator will form a large deformation 

instantly, and generate energy at the same time. Although this mode can generate a 

large amount of energy in a moment, it cannot produce energy continuously.  

 

 

 

 

 

 

 

 

Figure 8 Inertial vibration 

Figure 9 Shock vibration 
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c. Forced vibration: Applying a fixed amplitude or force on the free end of the 

piezoelectric vibrator, then it forms a large deformation and generates energy 

constantly. This method can be used to provide a long-term energy, especially in 

the field work or remote region. 

 

 

 

 

 

 

The different excitation method will affect the performance of power generation, so 

when we consider about the mode of excitation, we need to combine with our design and 

choose a suitable method.  

 

2.2.2 SUPPORT MODE OF PIEZOELECTRIC VIBRATOR 

There have many key factors which extremely effects the ability of power generation, 

one of them is the support system of the piezoelectric vibrator.  The discrepancy will exist 

Figure 10 Forced vibration 
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in energy output and working method under the different support modes. In general, the 

piezoelectric vibrator has four different types of boundary condition as follow.  

a. Cantilever beam support:  Large deformation, low resonant frequency, very 

sensitive for excitation.  A most popular mode in the piezoelectric generator. 

 

b. Peripheral fixed support:  Small deformation, low energy conversion ratio, rarely 

used.  

 

c. Free boundary support: Hard to install, rarely used. 

Figure 11 cantilever beam support 

Figure 12 Peripheral fixed support 

Figure 13 Free boundary support 
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d. Simply support: Lightweight structure, stable, usually used in round piezoelectric 

vibrator. 

 

Generally, for the axial vibration of piezoelectric ceramics, we can increase its 

thickness to increment the output power. However, energy recovery based on the axial 

vibration is infrequent in the practical application. On the contrary, d31 piezoelectric 

ceramics is the most popular material in use, which utilizes the transverse strain to produce 

electric charge. It’s worth mentioning that cantilever structure is a typical application 

example. Due to the low natural frequency of cantilever structure, a big strain can be 

produced by a relatively small force. Meanwhile, it is easy to achieve in the micro-system 

processing, so it’s widely used in energy harvest. 

In our design, the deflection is produced by applying a load at the free end of the 

vibrator. Due to the way of excitation, finally we decide to use cantilever beam to support 

the piezoelectric vibrator. 

 

 

Figure 14 simply support 
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2.2.3 ANALYSIS OF POWER GENERATION PERFORMANCE 

For the d31 piezoelectric element, only the energy generated by the piezoelectric 

element under external force is considered. Assuming that it suffers a harmonic force F 

with frequency ω, the stress is equal to the axial force divided by the area of force applied, 

the charge Q in the thickness direction of the piezoelectric element is expressed as: 

 31Q
Fl

d
h

  (9) 

Cp represents the equivalent capacitance of the piezoelectric element. It can be 

formulated as: 

 

p

p

A
C

h




 (10) 

The current intensity
0

j tI I e  , which flows through the thickness direction of the 

piezoelectric plate, can be obtained as: 

   
31

0

p

p

d FldQ
I

dt b




                                                  (11) 

The voltage V0 generated in the thickness direction of piezoelectric element can be 

formulated as: 

 31
0

p p

d FQ
V

C b
                                                     (12) 
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So the power |P| of piezoelectric plate of the type d31 is  

2 2

31

2 2

p

p

d F C
P V I

b




                                             (13) 

Where: 

31d  = Piezoelectric strain constant 

l = Length of the piezoelectric element 

b = Width of the piezoelectric element 

h = Thickness of the piezoelectric element 

A = Area of the piezoelectric element 

p = Dielectric constant of the piezoelectric element 

Cp = Equivalent capacitance of the piezoelectric element 

F = Harmonic force  

ω = Frequency of harmonic force  

 

From equation.13, it shows the relationship among power, external force and the 

parameters of piezoelectric element, such like the size, equivalent capacitance and 

dielectric constant. As a result, just external force and its frequency can affect the 

performance of power generation under a fixed size of the piezoelectric element. 
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2.3. PIEZOCERAMICS MOUNTING LOCATION ANALYSIS 

 

According to the vibration theory, the different locations of piezoelectric Ceramics on 

the cantilever beam affect the efficiency of power generation greatly.  

The cantilever beam vibration has infinite degrees of freedom and different related natural 

and main frequency. If only consider the deformation caused by bending, while ignoring 

the shear deformation and moment of inertia, this mechanics analysis model called Euler–

Bernoulli beam. According to the transverse vibration differential equation, the equation 

refers to i mode frequency is: 

  i

sin
cos ( sin )

cos

i i
i i i i

i i

sh l l
Y ch x x sh x x

ch l l

 
    

 


  


（x)= （i=1,2,3…）        (14) 

i = frequency mode  

α= constant 

Yi(x) = Deflection at i frequency mode 

l = length of the cantilever 

       The relationship between mode 1, 2 refer to different deflection and cantilever length 

can be given by equation 14 and shown in figure 15 below: 

The bending moment and deflection have the relationship of: 

2

2
( )i

d Y
M x EI

dx
       (15) 
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Mi(x) is the bending moment of the cross section, where the distance from the fixed 

support is x, in the frequency mode of i. E is the elastic modulus of the cantilever beam. I 

is the moment of inertia of the cantilever beam. Generally, the maximum stress σimax 

appears at the cross section where the maximum bending moment exists. The related 

express of surface stress in i frequency mode is： 

 

2

max 2

( )

2 2

i
i

M x h hE d Y

I dx
                                        (16) 

 

h is the thickness of the cantilever beam. 

Substituting Eq. (14) and (15) into Eq. (16), we can get: 

2 2 2

max

sin1
( ) ( cos ( sin ))

2 cos

i i
i i i i i i i i

i i

sh l l
x hE ch x x sh x x

ch l l

 
        

 


   


      (17) 

 

In order to research on the relative stress in the cantilever beam, one can set the 

constant ah/E=1 and l=1. Then the equation can be simplified into: 

 

2 2 2

max

sin
( ) cos ( sin )

cos

i i
i i i i i i i i

i i

sh l l
x ch x x sh x x

ch l l

 
       

 


   


                (18) 

        Through the calculation of equation 18, we can plot the graph down below, which 

shows the mode 1 and mode 2 surface strains of the cantilever beam. According to the 
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graph, in the mode 1, strain decrease to 0 along the length direction of the cantilever beam, 

the maximum value appears at the fixed end. For the mode 2, the maximum value appears 

when x equals to 0 or 0.53. Other than this, at the point x=0.22, the strain sign changed. 

Based on the piezoelectric theory, when the piezoelectric plate attached on the fix end of 

cantilever beam, both generated voltage and charge amount are proportional to the 

integration of strain d2Y/dx2.  

 

 

 

Through the figure 15, in mode 1, the distribution of generated charge is not even for 

each piezoelectric plate. As the fix end side generated most of the charge, the most effective 

way is to attach the plate on the roots of the cantilever beam. 

In the case of mode 2, the most effective location for the piezoelectric plate is x=0 and 

0.53. When x<0.22, as the distance between roots and plate increase, the electric produced 

Figure 15 Relative stress distributions of cantilever under the first and 

second vibration modes 
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by the plate drops significantly till 0 at point x= 0.22. From 0.22 to 0.53, along with the 

ascension of distance, the contribution to electrical power increases up to the peak value at 

x= 0.53. The value suffers a decline afterward. Moreover, as shown in figure 16, the 

negative sign appears after x= 0.22. 

In view of position x= 0 and 0.53 for mode 2, we assume there is a piezoelectric plate 

which length equals to 2c attached to each location. When 0<2c<0.22, the charge amount 

differences can be written as: 

 

2 0.532 2

2 2

0 0.53

X c X c

X X c

d Y Y
Q dx dx

dx x

  

  


  

                                          (19) 

 

From the equation above, one can find that ∆Q is negative constantly, which indicated 

that the most productive location is in the middle of cantilever beam. 

Following this, when 0.22<2c≤0.62, the charge has opposite sign between section x> 

0.22 and x<0.22, resulting the charge neutralize each other. In comparison, the location of 

x=0.53 has the same sign of charge, as no neutralization take place, it’s the most effective 

location. 

Ultimately, for section 0.62 ≤ 2c ≤ 1, neutralization takes place for both location and 

∆Q is negative constantly.  

On the whole, the best location for mode 1 is the root, while the optimal location for 

mode 2 is the middle of the beam, followed with the root. 
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CHAPTER 3: PROTOTYPING 

3.1. OVERALL STRUCTURE DESIGN  

The Pro engineer model is created based on the previous sections. The main outlook 

and explosion view are shown below in figure 15. The bottom of energy harvester box is 

fixed on the stent and has two rectangle notch to connect and stabilize the upper parts.  The 

base of the energy harvester has the size of 20cm*30cm, which is big enough to stable the 

whole harvester in case of big wind. The main connection is based on screws, nuts, along 

with angle iron to maintain firm for the whole structure. The cantilever beam is also fixed 

by the angle iron onto the front board. The flabellum connects with the shaft by using the 

structure of sunk key. In order to enlarge the diameter of the shaft to fit in the size of 

flabellum, a bush has been designed and made by 3D printer as its material light in weight 

and bearable for the light rotation work. Again, using the same method and material, a 

coupling like disc has been designed and made in order to connect the shaft and driving 

disc.  

 

 

 

 

 

 

 

 

 

 

Figure 16 Pro/Engineer model and explosion view of the prototype 
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Figure 17 right elevation of energy harvester: (1) shaft (2) piezoceramic material (3) cantilever beam (4) 

driven magnet (5) driving magnet attached with driving disc (6) driving disc and shaft connection disc (7) 

bearing with baffle 
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3.2 FLABELLUM SELECTION  

The efficient usage of wind energy is important for the project, so choose a right size 

of flabellum becomes a critical task.  According to Betz’s law, the maximum power that 

can be obtained from the kinetic energy in wind is no more than 59.3%. Betz’s 

coefficient𝐶𝑝, which is equal to 16/27, can generally be achieved by 75% to 80%. This 

value affected by many factors, including the number of blades, shape of the blade, airfoil, 

twist angle, blade tip wind speed ratio λ (linear velocity of blade tip/wind speed) and degree 

of angle pitch etc. As figure 19 shows below, amount different types of blade, the largest 

value of CPR equals to 0.48 as the Tip-speed ratio λ equals to 7 for the three-bladed rotor.  

   

 

Figure 18 CRP-λ diagram for different rotor [20] 
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Moreover, compared with another type of rotor, three-bladed rotor have a relatively 

good torque conversion efficiency. As shown in figure 18 below, the required tip-speed 

ratio λ range is comparatively small to achieve a large rotor torque coefficient, which 

means the rotor can be easily rotated in a low wind speed situation.  

 

 

 

Based on the advantages of easy to start and high efficiency of wind energy 

conversion rate, three-bladed rotor is the best chose for this project. 

 

 

 

Figure 19 relationship between tip-speed ratio and rotor torque coefficient 

for various type of rotor [20] 
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3.2.1 CHOOSE SIZE OF FLABELLUM 

The size of the flabellum is also essential to the whole mechanism. The power 

equation for the flabellum is:  

      𝑃 =
𝐶𝑝𝜌𝐴𝑉3

2
                                                                                  (20) 

Where: 

Cp = rotor power coefficient 

ρ = density of air  

A= sweeping area of flabellum 

V= velocity of wind 

 

The rotor power coefficient, Cp = 0.4, which is provided by the factory. The density 

of air ρ = 1.185 kg/m3 at 25 ºC, 1 atm standard atmospheric pressure. The radius R of three 

different sizes of flabellum are equal to 24cm, 30cm and 35cm. 

The sweeping area:  

   A1 = π R2= 3.14×0.242 = 0.181 m2 

A2 = π R2= 3.14×0.32 =0.283 m2                                                          (21) 

   A3 = π R2= 3.14× 0.352 =0.385 m2 

Assume the wind speed V= 3.5 m/s, then the power for different flabellum is equal 

to； 

 

𝑃1 =
1

2
 𝐶𝑝𝜌𝐴𝑉3 = 0.5×0.4×1.185×0.181×3.5 = 0.15×10-3 KW 

                      𝑃2 =
1

2
 𝐶𝑝𝜌𝐴𝑉3 = 0.5×0.4×1.185×0.283×3.5 =0.235×10-3 KW               (22) 
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 𝑃3 =
1

2
 𝐶𝑝𝜌𝐴𝑉3 = 0.5×0.4×1.185×0.385×3.5 = 0.319×10-3 KW 

 

 

The equation of rotating speed for each flabellum is:  

𝑛 =  
30𝜆𝑉𝑤𝑖𝑛𝑑

𝜋𝑅
                                                       (23) 

 

        Where λ = tip-speed ratio. At the wind speed of 3.5m/s, and λ = 7.5, which is the best 

value for three-bladed rotor, the rotating speed is equal to: 

 

 

𝑛1 = 7.5×3.5×30/ (3.14×0.24) = 1044 rpm 

𝑛2  = 7.5×3.5×30/ (3.14×0.3) = 835 rpm 

𝑛3 = 7.5×3.5×30/ (3.14×0.35) = 716 rpm 

 

For the rotor power𝑃 = 𝑇 × 𝑛, where T is torque and n is rotating speed. So the torque 

produced by different size of blades is 

𝑇 =  
𝑃

𝑛
                                                             (24) 

T1= 0.15×10-3 /1044 = 1.436×10-7 Nm 

T2 =0.235×10-3 /835 =2.81×10-7 Nm 

T3 =0.319×10-3 /716 = 4.45×10-7 Nm  
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Through calculation, although the torque increased with the blades size, the smallest 

one has the best value of rotating speed, which can be helpful for more interaction between 

magnets.  So, the blade size of 24 cm is the best choice for the project. 

 

3.3 DRIVING DISC COMPARISION AND CALCULATION   

In order to upgrade the frequency of magnet interaction, we designed a structure as 

shown in Figure 19. The magnet interaction structure is the combination of a 

centrosymmetric driving disc and a shaft connection disc. There are two designs of the 

driving disc structure:  3-magnets Y shape and 4-magnets X shape. For the 3-magnets Y 

shape structure, it has the feature of light weight and large magnet gap. The light weight of 

the drive disc provides a relatively small demand in start torque and a longer rotation time. 

The large gap between each twig allows the cantilever beams have more time, as well as 

space, to aftershock. In comparison likewise, the 4-magnet X shape structure have the 

characteristic of driven magnet gap with more magnets attached on. More magnets 

guarantee a higher interaction frequency.   
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According to the formula of moment of the inertia of a mass, we have equation 25: 

' ', ,AA mass AA area
I tI                                                  (25) 

For the X shape driven disc, the mass moment of inertia can be obtained by using 

parallel-axis theorem as follow: 

, , , sec , ,4 4Xdisc mass disc mass hole mass torX mass mag massI I I I I                     (26) 

Figure 21 Example of mass moment of inertia 

Figure 20 Y-shape and X-shape driving disc 
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The mass inertia of disc is: 

4

,

1

2
disc mass discI tR                                                  (27) 

The mass inertia of hole is: 

4

,

1

2
hole mass holeI tR                                                 (28) 

The mass inertia of sector of X shape is: 

2
4 2sec

sec , sec sec

1

8 4

torX
torX mass torX torX

t R
I tR d

 
                             (29) 

The centroid of sector of X shape is: 

sec
sec 1

4 2

3

torX
torX

R
d d


                                               (30) 

The mass inertia of magnet is: 

2 2 2

,

1
( )

12
mag mass mag mag magI m a c m d                                   (31) 

For the Y shape, the total mass moment of inertia is obtained by: 

 
, , , sec , ,3 3Ydisc mass disc mass hole mass torY mass mag massI I I I I                            (32) 

The mass inertia of sector of Y shape is: 

2
4 2sec

sec , sec sec

1

8 3

torY
torY mass torY torY

t R
I tR d

 
                            (33) 

The centroid distance of sector of Y shape is: 
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sec

sec 2

2 sin
3

torY

torY

R

d d




                                              (34) 

 

Where: 

ρ = 1180 kg/𝑚3 (Density of acrylic) 

t = 4.5 × 10−3m (Thickness of disc) 

𝑅𝑑𝑖𝑠𝑐 = 0.1 𝑚 (Radius of disc) 

𝑅ℎ𝑜𝑙𝑒 = 1.7× 10−2𝑚 (Radius of hole) 

𝑅𝑠𝑒𝑐𝑡𝑜𝑟𝑋 = 3.4 × 10−2𝑚 (Radius of sectors of X shape) 

𝑅𝑠𝑒𝑐𝑡𝑜𝑟𝑌 =  3.8 × 10−2𝑚 (Radius of sectors of Y shape) 

𝑚𝑚𝑎𝑔 = 0.01125 𝑘𝑔 (Weight of magnet) 

𝑎 =  3 × 10−2𝑚 (Length of magnet) 

𝑏 =  1 × 10−2𝑚 (Width of magnet) 

𝑐 =  5 × 10−3𝑚 (Thickness of magnet) 

𝑑1 = 1.06 × 10−2𝑚 (The centroid distance of sector of X shape) 

𝑑2 =  1 × 10−2𝑚 (The centroid distance of sector of Y shape) 

𝑑𝑚𝑎𝑔 = 3.2 × 10−2𝑚 (The centroid distance of magnet) 
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After calculation with the data above, we obtain that 𝐼𝑋𝑑𝑖𝑠𝑐,𝑚𝑎𝑠𝑠 = 8.53258 ×

10−4 𝑘𝑔/𝑚2  is slightly bigger than 𝐼𝑌𝑑𝑖𝑠𝑐,𝑚𝑎𝑠𝑠 = 8.34439 × 10−4 𝑘𝑔/𝑚2 . In order to 

achieve a higher interaction frequency, the X shape disc will be better. 

 

3.4 PIEZOCRAMICS MATERIALS 

In this project, the two options for piezocramic material is PVDF or MFC.  For PVDF 

(LDT1-028K), the piezo film element is laminate to a sheet of polyester. It has the feature 

of impedance from 1 MΩ to 10 MΩ. Its description is shown as follows. 

 

 

Table 3 Basic parameters for PVDF LDT1-028K 

Description 

A 

Film 

(mm) 

B 

Electrode 

(mm) 

C 

Film 

(mm) 

D 

Electrode 

(mm) 

t 

(μm) 

Cap 

(nF) 

LDT1-028K 16 12 41 30 40 1.38 

 

Figure 22 The structure of PVDF 
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       For MFC (M2814-P2), it consists of rectangular piezo ceramic rods sandwiched 

between layers of adhesive, electrodes and polyimide film. It has the feature of flexible, 

durable and reliable. Its description is shown below: 

 

Table 4 Basic parameters for MFC M2814-P2 

Description Active 

length 

(mm) 

Active  

width 

(mm) 

Overall 

length 

(mm) 

Overall 

width 

(mm) 

Free 

strain 

(ppm) 

Cap 

(nF) 

M2814-P2 28 14 37 18 -700 30.78 

 

Compared the properties of MFC and PVDF, the basic parameters are list below: 

Table 5 Comparison of PVDF and MFC 

Properties PVDF MFC 

d33 (pm/V or pC/N) -33 400 

d31 (pm/V or pC/N) -23 170 

Young’s modulus (Gpa) 2-4 30.3 

Poisson ratio 0.32 0.31 

Figure 23 structure of MFC 
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Tensile ultimate 

strength(Mpa) 

140-230 10283 

Tensile yield strength(Mpa) 30-55 2275 

Dielectric constant 12-13 1700 

 

        In the comparison of the absolute value of d31, which has a linear relationship with the 

quantity of electricity Q, MFC has a much greater value than PVDF. Although for Young’s 

modulus, the value of MFC is much larger than PVDF, the thickness of piezoceramics 

make sure the softness. Moreover, as the tensile ultimate strength value for MFC is much 

bigger than PVDF, it can withstand a larger value of load tending to elongate. After all, 

MFC has the feature of large value in d31, larger tensile strength; it becomes the first choice 

of our project. 

 

3.5 CANTILEVER BEAM MATERIAL SELECTION  

        Based on some basic material factor, such as price, material hardness, durability and 

safety factor, three materials are list below: 

Table 6 Basic properties for different cantilever beam materials 

Properties Brass h62 Copper Tin Bronze 

Density (Kg/m3) 8.590 8.31 8.75 

Young’s modulus 97 117 120 

Poisson ratio 0.31 0.35 0.34 
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      The density of each material is almost the same while the young’s modulus different 

form each other greatly. The young’s modulus of cantilever beam has a negative linear 

relationship with generated charge [21], so Brass h62 becomes our first chose for the 

cantilever beam. 

 

3.6 FINITE ELEMENT SIMULATIONS PROCESS 

      ANSYS is a computer aided engineer analysis system to realize simulation analysis. It 

has the function that can solve the problem in many aspects, such as structure, heat, 

electromagnetic, fluid and another field all at once. The basic process of finite element 

analysis is shown below:  

      

 

 

 

 

 

 

 

Figure 24 the process of cantilever beams finite element analysis 
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      In this project, ANSYS is used to simulate the working state of the piezoelectric 

harvester. First, ANSYS Maxwell can stimulate the magnetic field that applied by the 

magnets on driving disc and cantilever beams. As the force between each magnet cannot 

be directly calculated by equations, the force data comes from ANSYS become essential 

to analysis the strike process. Larger the force applied by driving magnets, bigger the 

deformation of cantilever beam will be, which means a bigger amplitude of vibration for 

each strike. Moreover, date of periodic force can be used for analysis the strike frequency. 

As when the natural and external frequency have a same value, vibrator will produce 

resonance, which can lead to the best result. The magnetic induction lines with the different 

driving disc inside the energy harvest box are shown in Figure 25 to 26. 
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Figure 25 The magnetic induction line with Y shape drive disc 
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       The first step for using ANSYS Maxwell is to draw all the magnets features and then 

assign materials to each part.  When we assign material for the magnet, the different 

directions of the magnetic induction line for each magnet become our first concern. By 

changing the magnet material property, the magnetic induction line can adjusted to the 

design condition. Following by set the analysis parameters, which will be shown in the 

Figure 26  Magnetic induction line with X shape drive disc 
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result after solving the model. We assign force F1 on the driven magnet, as well as force F2 

on the driving magnet.  The next step is to define the motion of the driving disc. The plastic 

plate, attached with driving magnets, rotate around the center of the circle with a speed of 

360 rpm. Set the whole rotation time and step time for analysis.  The rotation time is set to 

be 33.33ms, as this time length allows the plastic plate rotate for two rounds.  The step time 

is set to be 1.04ms, which leave the gap between each analysis at around 22.5 degrees.  The 

mesh condition has to be set subsequently. The density of mesh determined how fine the 

analysis will be. However, the large value of mesh density may lead to a longer analysis 

time, so balance the density and fine degree for each part is very important.  Afterward, 

draw a frame including whole features then set up the inner condition of this frame as air. 

Solve the project, adding B field inside the solve area, follow the time step, the magnetic 

induction line can be seen as shown in Figure 25 and 26 up above. The graph of Force F1 

and F2 changing along the time are given in Figure 27 and Figure 28. Here, in order to deter 

the effect of vertical force, the purple curve indicate the force applied to driven magnet in 

horizontal.  
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Figure 28 Magnet Force on Driven Magnet for X shape driving disc 

Figure 27 Magnet Force on Driving Magnet for X shape driving disc 
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Change the driving part structure into three-magnet Y shape, do all the process over 

again it gives the force curve as follow: 

      

Figure 29 Magnet Force on Driven Magnet for Y shape driving disc 
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The X axis indicates the time change while the Y axis refers to the force. As can be 

seen in the graph, for the driven magnet, peak value in the horizontal direction for X shape 

and Y shape are 1.2 N and 1.4 N respectively. Although the peak value is not always steady 

at one specific value, it still can give a basic magnitude reference for the strike process. 

Also, the graph can show the frequency of the strike process. 

 

 

 

 

 

Figure 30 Magnet Force on Driving Magnet for Y shape driving disc 



48 
 

3.6.1 NATURAL FREQUENCY ANALYSIS 

The natural frequency of cantilever beam is an important factor for the vibration 

analysis. ANSYS Modal analysis, which can obtain the natural frequency, modal 

participating mass ratio and vibration mode though solve the cantilever beam model, is 

used in this project. There are total 6 types of model analysis and in this project we choose 

to use Block Lanczos algorithm, in which the process contains: setup modal, assign load 

and solve, modal expansion, observations and post processing. 

Here we analysis six possible modes of natural frequencies in three types of cantilever 

beam, which include rectangle, triangle and trapezoid. Because the first mode is close to 

the actual situation, so we will force more on it.  In the vibration process, the free end of 

cantilever beam may affect by force comes from non-thickness direction, which refers to 

the situation in mode two to six. However, these modes require a high frequency to achieve, 

which is hard to find in daily life, so in this article, make sure the first mode frequency can 

be achieved will be our primary concern. 
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Figure 31 gives the six modes natural frequencies of rectangle, triangle and trapezoid 

cantilever beam:  

. 

Figure 31 natural frequency of six modes for rectangle cantilever beam 
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Figure 32 natural frequency of six modes for triangle cantilever beam 
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Figure 33 natural frequency of six modes for trapezoid cantilever beam 
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The natural frequency of six modes can be seen in table 6 shown below: 

Table 7 the natural frequency with different shape of cantilever beam 

Beam type Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6 

rectangle 18.32 HZ 129.98 HZ 239.97 HZ 443.78 HZ 918.04 HZ 951.64 HZ 

triangle 34.41 HZ 148.92 HZ 362.02 HZ 501.96 HZ  670.12 HZ 1074.3 HZ 

trapezoid 22.67 HZ 116.62 HZ 308.04 HZ 318.66 HZ 594.76 HZ 766.91 HZ 

 

For different type of cantilever beam, the first mode is single bend, the second mode 

is single twist, the third mode is double bends, the fourth mode is double twists, the fifth 

mode is triple bends and the sixth mode is triple twists. From table 6, triangle beam has the 

highest natural frequency value in the first mode, which is much higher than the others. 

For the Y shape driven disc at a rotation speed of 360 rpm, the strike cycle time equals to 

0.055555s, which transform into frequency equals to 18 HZ. The natural frequency of 

rectangle beam at mode 1 has the closest value to the strike frequency, so the rectangle one 

should be used.  

On the other hand, both rectangle and trapezoid have the frequency below 30 HZ, as 

it easy to be obtained from the external environment, these two shapes are more suitable 

for the cantilever beam.  
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3.6.2 STATICS ANALYSIS 

Though statics analysis, one can know the strains acting on the cantilever beam with 

specific deformation or force. Before import the model, the material parameters have to be 

imported, such as young’s modulus, Poisson’s ratio, density, tensile strength and yield 

strength etc. Brass h62 has these values shown in table 7 below:  

 

Table 8 the properties of Brass H62 

Brass h62 properties Value 

Density 8400 kg/m3    

young’s modulus 97 Gpa    

Poisson’s ratio 0.31     

tensile strength 338-469 Mpa 

yield strength 124-310 Mpa 

 

 

Following this, import the model as well as define the material for each part. Next 

step is adding boundary condition for the beam, which includes attach one end to the fixed 

support and assign magnet force to another end. Mash has to be added afterward. At this 

point, the demand unknown parameters have to be defined, such as voltage and strains. 

Solve the model and check the result shown in Figure 32:  
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           From the figure above, at the same distance from the fixed end, rectangle beam has 

the most strains applied, followed by triangle one while the trapezoid one has the smallest 

value. From figure 32, for rectangle beam, the strain distribution is not balanced and mainly 

forced on one end of piezoelectric plate with the largest value of 0.0028366. For the rest, 

Figure 34 Strain for rectangle, triangle, trapezoid cantilever beam and corresponding piezoelectric 

sheet 
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the triangle beam and trapezoid beam have a more evenly strain distribution, with the 

largest value equal to 0.0020447 and 0.0020692 respectively. The allowable strains for 

piezoceramic material are 0.006, which is much bigger than the stimulation value. So under 

the design external strike condition, fatigue won’t happen to the piezoceramic material. 

From the graph above, the average value for the rectangle is lied in between 0.00195559 

to 0.0022485. For the triangle one, the average value lied in between 0.0016302 to 

0.0018375 and for trapezoid, the average value is in between of 0.0016558 to 0.0018625. 

In the comparison of this three shape of cantilever beam, the rectangle one can produce the 

highest strain and has the greatest average value. So rectangle is the best shape to be used 

in the experiments later on.  0.0015 

Using the same method, the different thickness of the cantilever beam has been tested. 

The length of the beam is settled as 10cm and the thickness has the options of 0.3mm or 

0.4mm. By applying a same force at the free end, the strain graphs are shown below:    

 

 

 

 

 

 

 

 Figure 35 Strain of different thickness of cantilever beam (0.3mm) 
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In the comparison of 0.3mm and 0.4mm thickness, acting same amount of downward 

force, the 0.3mm one has a larger strain, which the maximum value equals to 0.005533. 

Therefore, the thickness of 0.3mm is the optimal thickness in this project.  

 

 

 

 

 

Figure 36 Strain of different thickness of cantilever beam (0.4mm) 
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CHAPTER 4: ASSEMBLY AND EXPERIMENT 

4.1. THE PROTOTYPE OF ENERGY HARVESTER  

       As all the parameters have been determined in the previous chapter, the components 

were chosen and ordered from fracture based on the principle of the cost-effective rule.  

Assemble the components and use 3D printer to build the small driving disc and flabellum-

shaft connection part. After polish and adjustment, the prototype is shown as follows: 

 

  

Figure 37 Assembled prototype 
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4.1.1. EXPERIMENTAL OPERATION PROCESS AND STUDY 

Experiments provide the chance to verify the ANSYS simulation results while 

studying the relations between mechanical input parameters and electrical outputs. The 

control variable method is a good way to clearly analysis the experiment data. For the 

energy receiving part, the changing variable is wind. The wind speed, which is an important 

parameter to the whole energy harvester, has to be settled to an unchanged value. However, 

as the real situation can’t provide a steady wind, we use a motor to provide steady rotation 

force and a tachometer to monitor the rotation speed. Assumed the rotation speed equals to 

Figure 38 Energy harvest box: (1) Shaft (2) 10cm brass board with driven magnets (3) MFC (4) Driving 

magnets (5) Driving disc 
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360 rpm, for which is obtained from the outdoor environment experiments. A power bank 

with a voltage booster board has been used to provide different rotation speed with 

corresponding different voltage. Moreover, in order to obtain a steady energy, the motor is 

attached to a manual translation table (Newport HTCL25-X) to adjust the position with the 

shaft. As the manual translation table has three DOF, the motor shaft can be thrust into the 

main shaft with a precise manner.  

For the signal collection part, as the energy harvester has an output of AC, EH300/301 

EPAD energy harvesting modules has been used to change the voltage type to DC. This 

module is intended for low power intermittent duty cycle sampled data and can accept 

instantaneous input voltages ranging from 0.0V to +/-500V AC or DC. The basic structure 

of EH300/301 EPAD is shown below: 

 

Figure 39 I/O interface of EH300/301 EPAD energy harvesting 

modules 
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For the output interface, +V, VP, VR refers to difference period voltage output. The 

specific relation is shown in Figure 36 below: 

In this project, the whole process of electricity accumulation is meaningful, so we 

choose +V interface to obtain all the voltage output by MFC.  

Figure 40 Waveforms of EH300/301 
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       The electricity stored in the module can be monitored by NI USB-6259, which is a 

USB high-performance M Series multifunction DAQ module. The DAQ module is 

optimized for superior accuracy at fast sampling rates.  As the data transported to the NI 

USB-6259, it can be viewed from the computer using LabVIEW. The connection 

between the main equipment are represented below: 

 

 

       Due to the limited MFC provide, the optimization of thickness carries out first, it 

follows with the optimization of length, the different shape of driving disc is chosen 

ultimately. As the voltage generated by energy harvester can’t reach the magnitude of VH, 

the electricity accumulated on the energy harvesting module increased with time. The 

changing rate reflects the electric generation speed.   

 

Figure 41 the main equipment: (1) Computer with software LabVIEW (2) NI USB-6259 (3) 

EH300/301 EPAD energy harvesting modules (4) Tachometer (5) Newport HTCL25-X 

manual translation table (6) Voltage booster board (7) Motor (8) The energy harvester 

prototype 
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4.2 EXPERIMENT DATA AND ANALYSIS 

The graph of LabVIEW for EH300/301 EPAD energy harvesting modules indicates 

the charging process. As the capacitance of the module won’t change, the ratio of charge 

amount over potential different is a constant. The graph of LabVIEW shows the magnitude 

of potential difference increase over time, indicate that charge amount also rises in the same 

slope. The increment speed refers to the effectiveness of energy harvester, so as to reveal 

the differences between each size of the cantilever beam.     

The optimization of thickness carried out first, note that the thick beams may only 

have very small vibration amplitude and thin beams may lead to twist and irregular 

movement, only the thickness of 3mm and 4mm are chosen to be test under the X shape 

driving disc (attached with 4 magnets in formation of shape X). The graphs are shown 

below:  

y = 3E-07x + 0.0026

y = 2E-07x + 0.0036

0

0.005

0.01

0.015

0.02

0.025

0 10000 20000 30000 40000 50000 60000 70000 80000

V
o

lt
ag

e
 (

V
)

Time (ms)

Power Generation Rate Between Different 
Thicknesses

0.4MM-8CM 0.3MM-8CM

Figure 42 Power generation rate between different thicknesses 
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Pick the time period of 75s, for the 0.3mm cantilever beam, the maximum value is 

equal to 0.0208626V while the start value equals to 0.00333353V. The increment equals 

to 0.01752907V. For the 0.4mm cantilever beam, the maximum value in the same period 

equals to 0.0228736 while the start value equals to 0.00293423V, the increment is 

0.01993937V. Compare the two increments, the 0.4mm one has a large value which 

indicates better effectiveness.   

In view of the result above, the beam length comparison used the thickness of 4mm 

beam. As the position of driving disc can be adjusted on the shaft, the tested simple have 

the length of 8cm, 9cm and 10cm. The result of 8mm has already been shown above, the 

graph of the others shown below: 
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Figure 43 Power generation rate with 8cm, 9cm, 10cm 

 

         Same as the last time, for the length of 9cm in the same period of time (75s), the 

maximum value equals to 0.0261063V yet the start value is 0.00463888 V. The rising value 

equals to 0.02146742V. In like manner, for a 10cm beam, the maximum value and start 

value are equal to 0.0401715V and 0.00822799V respectively. The difference equals to 

0.031944V. Since the 10cm cantilever beam has the greatest potential difference value in 

75s time, the best beam length for energy harvest is 10 cm. 
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Ultimately, change to Y shape driving disc (attached with 3 magnets in formation of 

shape Y) and do the experiment again. The length of cantilever beam is settled as 10cm, 

0.4mm. After change with the Y-shape driving disc, the maximum and start value become 

0.0352743V and 0.00736845V with the difference of 0.027573V. In the comparison of X 

shape driving disc, this one produces a smaller potential difference, so that the X-shape 

driving disc is a better chose. 

In summary, after the comparison of cantilever beam thickness, length and driving 

disc shape, the best test group among all the other choices is 0.4mm, 10cm cantilever beam 

with X shape driven disc. The capacitance we used in this project is 6600μF. From the 

Labview graph shown below, at the time of 430s, the capacitance voltage reach its 

maximum value 0.095V.  
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Figure 44 Power generation rate between Y shape and X shape 



66 
 

  

 

 

According to the equation shown below, the work is equal to  

 

W =
1

2
𝐶𝑉2 =

1

2
×  6600 × 10−6 × 0.0952 = 2.98 × 10−5𝐽 

 

The total period is 86000 × 0.5ms = 430s, so the power is equal to: 

P =
𝑊

𝑡
=

2.98 × 10−5

430
= 0.69𝜇𝑊 

This is the power of one piezoelectric vibrator at 360rpm, the total power of energy 

harvester is 1.38 𝜇𝑊. 

Figure 45 Capacitance energy collection process 
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The voltage produced by one piezoelectric vibrator equals to 1.9V at 360rpm, the 

Labview graph is shown below: 

 

Figure 46 Voltage produced by the piezoelectric vibrator 

 

4.3 DISCUSSION 

According to the ANSYS result from chapter 3, the best thickness of the cantilever 

beam is 0.3mm as it has larger strain value compared with the 0.4mm one. This is different 

from the results from chapter 4 in the comparison of thickness, which shows that the 

optimal thickness is 0.4mm. This may happen due to the result of changes in frequency. 

Although the thinner beam can apply a larger deformation and strain under the same 

external condition, the natural frequency has changed accordingly. Moreover, the magnets 
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attached at the free end may also affect the result. So the simulated natural frequency for 

0.3mm and 0.4mm magnets- attached cantilever beam has shown below:    

 

 

 

 

 

 

The six mode natural frequency shown in the table below:  

Table 9 six modes natural frequency for different thickness magnets-attached cantilever beam 

mode 

0.3mm thickness 

natural frequency (HZ) 

0.4mm thickness 

natural frequency (HZ) 

1 9.9804 13.975 

2 93.087 123.91 

Figure 47 the natural frequency of 0.3mm and 0.4mm thickness cantilever beam 
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3 133.29 186.42 

4 273.04 366.15 

5 453.73 503.57 

6 562.2 744.49 

 

From the real experiment process, under the situation of flabellum rotation speed at 

360 rpm, the 0.4mm beam has severer vibration. As the 0.3mm beam can’t reach its largest 

deformation, the larger strain value, which refers to ANSYS result, can’t be reached as 

well. Thickness not only affects the strain but also affect the natural frequency of the 

cantilever beam. As shown in table 8 above, the natural frequency of 0.4mm cantilever 

beam is higher than the 0.3mm one and the value is closer to the strike value under 360rpm 

driving disc rotation speed.  So under a specific strike frequency, there is a tradeoff value 

between thickness and natural frequency. In the case of 360rpm rotation speed, the 

thickness of 0.4mm is the optimal choice.  

The ANSYS result in chapter 3 can only provide a reference as it only considers the 

strain under one-time strike and ignores other factors. Moreover, the simulation may also 

exist some error as some material parameters are not so precise theoretically. But these did 

not affect the overall design. 

       The whole mechanism simulation may involve dynamic magnetic field, statics and 

piezoelectric module analysis simultaneously, so it needs an advanced method to solve the 

entire module and give a best design solution. The conclusion forms this report can provide 

a valuable reference for the future work.  
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4.4 FUTURE WORK  

In order to increase the efficiency of the power generation, there have numerous 

effective ways to optimize our design. First of all, decreasing the starting speed is the most 

workable method, which can widen the range of harvesting under different frequency. In 

other words, we can reduce the resistance during the starting and rotating period. With this 

purpose, we need to cut down the torque when it starts. One of the effective ways is to 

change the size and weight of magnet. With the lighter weight on the driving disc, the fan 

will start easier than before so that the range of collection frequency can be broadened.  

From another aspect, adding a bearing on the holder and empennage is also a useful 

method to increase the generation capacity. Due to the limit of our design, the device can 

just capture the wind from a single direction. Actually, the wind direction varies many 

times in the day. As a result, the time of energy harvesting will obviously decrease, so does 

the generation capacity. Therefore, it is advisable to install a bearing on the holder and 

empennage. Because new structure replaces the fixed support, the device becomes rotatable. 

Under the impact of this combination, the ability of wind energy capturing will be more 

powerful and sensitive during working condition. When the wind direction changed, the 

device can rotate automatically to the proper direction, so that the wind will be captured 

more effective.  

Except for the optimizing of external structure, we also can change power generation 

part. If we add a piezoelectric plate on another side of the vibrator, the ability of energy 

harvest will be doubled immediately. In addition, to increase the number of piezoelectric 

vibrator from two to four is also an effective way to improve the capacity of energy 
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generation. However, this will increase the starting torque, so it still need us to do a lot of 

work on analysis and optimizing. 
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CHAPTER 5 CONCLUSION 

For the past few years, with the development of micro-electromechanical technique 

and the appearance of low-power electronics products, energy harvest technology which is 

based on vibration by using piezoelectric element, has been received an extensive attention 

in many fields. It not only has the advantages of simple structure and sustainability, it also 

solved the problem caused by the traditional battery such like the inconvenience of battery 

replacing and high maintenance cost.  

The purpose of this project is to design a wind energy harvest device based on the 

direct effect of the piezoelectric material. During the design process, we begin by 

considering and examining the feasibility of energy harvest by using the piezoelectric 

material in theoretical calculation. Furthermore, the finite element analysis and simulation 

are applied to obtain an optimal design of the substrate of the piezoelectric vibrator, such 

like magnet fields, material, nature frequency, shape, length, width, thickness. Next, in 

order to verify the optimized result, an experiment platform is set up to examine under 

different variables. Based on the experiments, we discuss the reason of obtaining different 

result between simulation and experiment, and ameliorate our design. Eventually, a 

prototype is fabricated according to the final design. The total power produced by energy 

harvester device is 1.38 𝜇𝑊. And the voltage generated by it is 1.9V at 360rpm. 

In the future work, a new energy harvest device with high efficient will be improved 

by the aspects of decreasing driving resistance, adding the number of piezoelectric element 

and increasing the ability of wind energy capturing under different situations.  
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APPENDIX A: ANSYS ANALYSIS RESULTS 

        We use ANSYS to simulation the safety factor of piezoelectric vibrator by applying 

a maximum displacement which is equal to 40mm. And the result is bigger than one as 

shown in figure: 

 

Figure 48 Safety factor of piezoelectric vibrator 
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APPENDIX B: LABVIEW AND DATA COLLECTION 

 

 

 

Figure 50 potential-different time relationship for 8cm, 0.3mm cantilever beam 

Figure 49 Labview Program 
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Figure 51 potential-different time relationship for 8cm, 0.4mm cantilever beam 

 

 

Figure 52 potential-different time relationship for 9cm, 0.4mm cantilever beam 
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Figure 54 Power generation rate between Y shape and X shape 

 

Figure 53 potential-different change with time for 10cm, 0.4mm cantilever beam 
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APPENDIX C: PROTOTYPE  

 

 

Figure 55 Prototype 
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Figure 56 Front view of prototype 

 

Figure 57 Left view of prototype 
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Figure 58 Back view of prototype 

Figure 59 Connect ring 
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Figure 60 Shaft sleeve 

Figure 61 Shaft 

 



84 
 

APPENDIX D: AUTOCAD DRWAINGS FOR THE DIMENSION OF PROTOTYPE 

  

 

 

 

 

Figure 63 Shaft 

 

Figure 62 Front cover 
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Figure 64 Back cover 
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Figure 65 Left and right cover 

 

Figure 66 Top cover 
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Figure 68 Bearing cover 

 

Figure 67 Bottom cover 

 



88 
 

 

Figure 69 Driving disc (Y shape) 

Figure 70 Driving disc (X shape) 
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Figure 71 Shaft sleeve 

Figure 72 Connect ring 
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Figure 73 Bearing 



91 
 

APPENDIX D: PUBLICATION 

1. HaoChen Feng, HaoPeng Zhou, and QingSong Xu, “ Design and Development of an 

Energy Harvesting using Piezoelectric Material,” in Proceedings of 2017 IEEE 

International Conference on Advanced Robotics and Biomimetics (ROBIO 2017), 

Macau, China. (Under preparation) 

 

 

 

 



92 
 

APPENDIX E: WORK BREAKDOWN 
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