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ABSTRACT 

Voltage Enhancer Mechanical Energy Harvester 

Esraa Fakeih 

 

With the rise of wireless sensor networks and the internet of things, many sensors are 

being developed to help us monitor our environment. Sensor applications from marine 

animal tracking to implantable healthcare monitoring require small and non-invasive 

methods of powering, for which purpose traditional batteries are considered too bulky 

and unreasonable. If appropriately designed, energy harvesting devices can be a viable 

solution. Solar and wind energy are good candidates of power but require constant 

exposure to their sources, which may not be feasible for in-vivo and underwater 

applications. Mechanical energy, however, is available underwater (the motion of the 

waves) and inside our bodies (the beating of the heart). These vibrations are normally low 

in frequency and amplitude, thus resulting in a low voltage once converted into electrical 

signals using conventional mechanical harvesters. These mechanical harvesters also 

suffer from narrow bandwidth, which limits their efficient operation to a small range of 

frequencies. Thus, there is a need for a mechanical energy harvester to convert 

mechanical energy into electrical energy with enhanced output voltage and for a wide 

range of frequencies. In this thesis, a new mechanical harvester is introduced, and two 

different methods of rectifying it are investigated.  
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The designed harvester enhances the output voltage and extends the bandwidth of 

operation using a mechanical frequency up-convertor. This is implemented using 

magnetic forces to convert low-frequency vibrations to high-frequency pulses with the 

help of a piezoelectric material to generate high output voltage. The results show a 48.9% 

increase in the output voltage at 12.2Hz at an acceleration of 1.0g, and a bandwidth 

increase from 0.23Hz to 11.4Hz. 

For the rectification, mechanical rectifiers are discussed, which would obviate the need 

for electrical rectification, thus preventing the losses normally caused by the threshold 

voltage of electronics. Two designs of mechanical rectifiers are investigated and 

implemented on the frequency up-converter: a static rectifier and a rotating rectifier. The 

results show a voltage rectification, which required a sacrifice in the bandwidth and 

boosted voltage. 
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Chapter 1 

Introduction 

1.1 Energy Harvesting 

The problem of power is becoming more of an issue than ever. More devices are being 

integrated into our environment every day, from artificial intelligence (AI) assistants such 

as the well-known Amazon Alexa, to facial recognition security systems and biomedical 

electronic pacemakers. As diverse as these devices are, they all share one thing in 

common: They require power to function. Some devices can be connected to external 

power sources through chargers, such as AI assistants, whereas others have batteries that 

can be replaced when needed [1, 2]. These types of devices can be powered without 

difficulty, as they do not have troublesome restrictions, such as size limits or challenging 

locations that limit their access to power. This, however, is not the case for all devices.  

Consider an underwater environmental monitoring system for aquatic animals, for 

example, the anglerfish. Some species, such as the Lophius budegassa and L. piscatorius, 

live between 800 m and 2,600 m below sea level [3]. Creating a device that is meant to 

stay in the deep sea but runs on replaceable batteries is impractical, accessing the device 

and replacing the batteries would be challenging . Another example would be detecting 

and analyzing seismic waves from volcanic activity. It can be dangerous and risky to build 

a device that requires constant maintenance, especially when studying active or 

underwater volcanos. The same also applies to detecting unforeseen mining disasters [4, 

5]. 
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These examples show that using the conventional method of power is not always the ideal 

method, and so a different approach must be considered. An alternative solution that is 

already being implemented in multiple cases is the use of energy harvesting. 

Energy harvesting refers to the collection of renewable power from resources that are 

readily available in the environment. The table below shows the power densities achieved 

by four of the most used sources of energy harvesting [6]. 

 

TABLE 1.1. Power Densities of Typical Energy Harvesters 

Energy Source Characteristics Efficiency Power density 

Light Outdoor 
Indoor 10 – 25% 

100 mW/cm2 

100 μW/cm2 

Thermal Human 
Industrial 

0.1% 
3% 

60 μW/cm2 

10 mW/cm2 

Vibration Hz-Human 
kHz-Machines 25-50% 

4 μW/cm2 

800 μW/cm2 

Radio Frequency GSM 900 MHz 
WiFi 2.4 GHz 50% 

0.1 μW/cm2 

0.001 μW/cm2 
 

 

Although solar energy has the highest power density, the power source is limited to the 

daytime and access to light. Thermal energy has low efficiency and requires a substantial 

change in temperature to achieve a decent output. Harvesting vibrations requires 

constant movement, and the output depends on the frequency of the vibrations. 

Radiofrequency is widely available but has a low power density output.  
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In the example of the underwater sensing application, its location limits the availability of 

sunlight. The same goes for underground sensors in tunnels. The most dependable source 

in these situations is vibrations. 

Mechanical vibrations are found in both natural and manmade sources. They are seen in 

seismic waves caused by earthquakes and volcanoes, in both land and water, having a 

resonant frequency ranging from 0.1 to 20 Hz[4], and in artificial sources, including 

electronic appliances (washing machines, blenders, refrigerators, alarm clocks, etc.) and 

transportation systems (cars, trains, airplanes, etc.). Table 1.2 shows some environmental 

vibration sources and their respective resonant frequencies [4, 7-10]. 

 

 

 

 

 

 

 

 

1.2 Problem Statement 

Harvesting low-frequency vibrations (< 100 Hz) is significant, as this range of frequencies 

includes many environmental vibrations [7]. Since mechanical vibrations are oscillations, 

TABLE 1.2. Environmental Vibrations 

Vibration Source Frequency (Hz) 

Running [7] 1.5, 5.1 

Volcanic [4] 0.7–10 

Railway [8] 15–30 

Oil drill [9] 10.8–12 

Vehicles [10] 1–2, 12 
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the power generated is alternating, producing alternating current (AC), whereas the 

devices require a constant power source (direct current; DC) to operate. This, however, 

can become an issue, as the amplitude of the voltage generated is not large, which makes 

trying to rectify the voltage challenging. With electrical rectification, considerable losses 

can occur across the diodes. Diodes usually have a threshold of ~0.4V to 0.6 V, which can 

be too large for some of the generated voltage to overcome. For voltages larger than the 

threshold, a significant percentage of their power can be lost across the diodes [11]. This 

loss becomes more prominent when using a full-bridge rectifier, since two diodes take 

effect, resulting in a loss of ~1.2 V. 

 

1.3 Objectives 

In this thesis, two solutions are proposed to minimize and prevent the losses caused by 

rectification. The first is to amplify the voltage generated, so that the electrical losses do 

not have a large effect on the output. The second is to mechanically rectify the voltage 

and avoid the electrical losses altogether. 

 

  



17 
 

Chapter 2 

Background: Vibrational Energy Harvesting 

2.1 System Architecture 

To use these vibrations as a power source for electronic devices, we must first capture 

their mechanical movements and convert them to electrical energy. We now introduce 

the components needed to do so.  

 

1. Cantilever  

A cantilever is a beam with one end fixed and the other free to oscillate. Figure 2.1 shows 

the cantilever oscillating.  

 

 

 

The properties and dimensions of the beam determine its resonant frequency. Equation 

1 shows this relation for the first mode [12]. 

 

Figure 2.1: Oscillating cantilever 
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𝜔 =	 !.#$%
!

&! $ '(
	*+
																		[1] 

 

where 𝜔 is the resonant frequency, L is the length of the beam, E is the Young’s Modulus 

of the material, I is the moment of inertia, 𝜌 is the density, and A is the area of the cross-

section of the beam. With that, we can see that the longer the beam, the lower its 

resonant frequency, meaning that the beam can efficiently be designed to oscillate at the 

desired frequency of operation.  

Another transducer could be a diaphragm beam, a beam with both ends fixed. This has a 

higher spring constant than the cantilever and would thus be suitable for applications that 

require a higher operating frequency or acceleration [13]. 

 

2. Piezoelectric transducers 

Transducers are used to transform energy from one form to another and can be 

electrostatic, electromagnetic, or piezoelectric [12-22]. A piezoelectric transducer 

converts the mechanical strain to an electric field, and vice-versa. This happens because 

of the existing dipoles in the material. When strain is applied, the dipoles are aligned in a 

specific manner. This alignment is dependent on the direction of the force applied as to 

whether the material becomes either positively or negatively charged [23]. This is 

demonstrated in Figure 2.2. 
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3. Rectifier 

Since mechanical vibrations are always oscillating, the output energy they produce is AC. 

To power electronics, a constant DC source is necessary, and a rectifier is thus needed to 

convert AC output to DC. 

Rectifiers can be electrical or mechanical, but typically, electrical rectifiers are used. 

Electrical rectification uses diodes to allow a particular polarization to pass. A certain 

amount of voltage is lost due to the threshold needed to surpass the diodes. This could 

be problematic in applications in which the voltage generation is not sufficiently large, at 

which point mechanical rectifiers become an option [19, 20]. 

 

 

Figure 2.2: Piezoelectric voltage generation 

+ 

+ 

_ 

_ 
0V 
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4. Storage Unit 

After converting the voltage to DC, the current can be used directly to power the sensor, 

or it can be stored as voltage for later use. This storage unit is usually a capacitor. 

 

2.2 Methods of Harvesting: A Literature Review 

In mechanical energy harvesting, efficiency is critical. The energy harvested is just enough 

to power low-powered devices, and so any losses would cause a considerable drawback 

to the system’s performance and the amount of useable energy. Due to this, many people 

have researched the topic of enhancing the outcomes of energy harvesters. Some have 

focused on amplifying the voltage generated, while others have focused on reducing the 

anticipated losses. These designs are discussed below.  

 

2.2.1 Voltage Amplifiers 

Impact-driven frequency up-converter: This design, created by Lei Gu and Carol 

Livermore tackles the idea of voltage amplification [16], using a low-frequency (LF) beam 

to capture the vibrations and pairing it with a high-frequency (HF) beam. As the LF beam 

oscillates, it hits the HF beam, applying a greater force on the piezoelectric generator and 

so generating larger voltage spikes. This method is susceptible to elasticity damage, as the 

constant impact eventually changes the properties of the beams, and so the device 

degrades in performance. 
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Non-contact magnetic frequency upconverter: This method, similar to the previous one 

and designed by Q. C. Tang et al., uses a floating magnet to control piezoelectric HF beams 

with magnets attached to their ends [21]. As the floating magnet moves up, it attracts the 

HF beams with it, and as the beams are released, a HF voltage is generated. 

Buckled bridge frequency upconverter: Seok-Min Jung and Kwang-Seok Yun produced a 

frequency up-converter by integrating cantilever beams with buckled bridges [13]. The 

device resonates at an acceleration of 3 g and a frequency of 30 Hz, which is up-converted 

using bridges, switching sharply from one state to the other. This switch causes the 

cantilevers to oscillate at their high resonant frequencies, amplifying the generated 

power. This design requires a high acceleration to excite the device, which can limit the 

performance. 

Magneto-acoustic resonator: An acoustic animal tracker, designed by A. S. Almansouri et 

al., uses the concept of frequency up-conversion to convert low-frequency motion to 

high-frequency acoustic pulses [24]. The design uses magnetic forces to control a high-

frequency beam that generates the acoustic pulses.  

 

2.2.2 Bandwidth Amplifiers 

Interdigital cantilevers: Cuixian Luo et al. designed a system focused on increasing the 

bandwidth of operation [18]. They used interdigital cantilevers of different resonant 

frequencies to increase the overall bandwidth of the system and managed to obtain a 

bandwidth of 12.3Hz. 
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Transition regime bistable harvester: A. Ibrahim et al. discussed the dynamics of the 

transition regime in a bistable system [25]. They used the dynamic change in magnetic 

force between a stationary magnet and an oscillating magnet to increase the bandwidth 

of a system. They chose the distance between the magnets to allow the system to 

oscillate at the transition regime, which is the regime where the non-linearity in the 

magnetic force occurs, allowing for the dynamic change in force. 

 

2.2.3 Mechanical Rectifiers 

Mechanical micro electric rectifier: S. Nagasawa et al. discussed a mechanical rectifier for 

a micro-electric generator [20]. They disconnected the storage circuit from the harvester 

except at two points. One is located at the top of the cantilever and the other at the 

bottom. As the cantilever oscillates, it connects and disconnects from the circuit, 

rectifying the output. 

Mechanical H-bridge rectifier: A similar method was demonstrated by Felice Maiorca et 

al., who designed a bi-stable system with two cantilevers and a piezoelectric generator 

[19]. The two beams are of the same length and have magnets attached to their ends. The 

repulsion of the magnets allows the system to exist in only two states. The authors 

designed the system such that a rectification process is carried out at each state. Although 

this design does prevent the issue of electrical rectification, it requires a high input 

acceleration to operate (3.03g) and a high-frequency vibration (450 Hz). This is not 

applicable when trying to capture low-frequency vibrations. 
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MEMS-based rectifier: In a design by P. S. Kasargod et al., a separate micro-

electromechanical system (MEMS) circuit was implemented for the rectification [17]. 

They used MEMS switches that would manipulate the current flow to rectify the voltage. 

The operating frequency of the design is 83 Hz, which is larger than the range that we 

would like to capture (< 25Hz). They also use an active diode before storing the voltage in 

a capacitor, which again introduces an electrical loss of ~0.2 V and is not an optimal 

solution. 

Below is a table summarizing the literature closest to the proposed work. 

 

TABLE 2.1. Summary of Published Work 

Published Work Frequency (Hz) 
Acceleration 

(g) 
Piezoelectric 

Material 
Power Density 

(μW/cm3) 

Impact-driven 
frequency up-converter 

8.2 0.4 PZT 25.5 

Non-contact magnetic 
frequency upconverter 

10 - 22 1.0 PVDF 8.4 

Buckled bridge 
frequency upconverter 

30 3.0 PVDF 453* 

Mechanical H-bridge 
rectifier 

450 3.03 PZT 472* 

 
*calculated (not explicitly mentioned in paper) 
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Previous papers have tried to tackle the issue of voltage loss, but the designs were not 

optimal: Some required high input acceleration, some had a high frequency of 

operation, and some were not sufficiently durable to last without device degradation.  

Listed below are the objectives of this work. 

• Increase voltage generated 

• Introduce low-frequency operating conditions 

• Increase bandwidth of operation 

• Present an impact-less designs for durability 

• Introduce low input acceleration conditions for a greater range of functionality  
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Chapter 3 

Proposed System I: Voltage and Bandwidth Enhancer 

3.1 System Design 

We first examine the single beam energy harvester presented in Figure 3.1 and observe 

its output (Figure 3.2). By attaching a piezoelectric material to a beam, we can harvest the 

voltage created by the oscillation of the beam. To understand where we should apply this 

material, we must examine the equation of voltage generation of piezoelectric 

components [23]: 

𝑞 = 𝑑,,𝐹 [2] 

The charge (q) generated across the material depends on the force applied (F) in the z-

direction and on the strain to electric field ratio (d33) in the same direction. D33 is a 

property that depends on the material used.  

To obtain the maximum output, we must apply this material in the position of the 

maximum strain of the beam. This is found to be at the fixed end of the beam [26]. 

 

Figure 3.1: Single beam energy harvester 
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 The voltage generated and its bandwidth can be seen in Figure 3.2. The bandwidth is 

small, as is the voltage. To amplify the voltage produced, we must understand how the 

charge created is related to the oscillation of the beam. Looking at the equations below, 

we can relate the charge to the frequency of vibration [27]. 

𝐹 = 𝑚𝑎 [3] 

𝑎 = −(2p𝑓)-𝑥 [4] 

|𝑞| ∝ 𝑓- [5] 

Using Newton’s second law, we can relate the force to the acceleration. Equation 4 then 

relates the acceleration of a simple harmonic motion to the frequency of motion. Using 

the previous equations (2 to 4), we can formulate a relation between the charge 

generated and the frequency of oscillation. As the frequency increases, so does the 

charge.  

The method used to increase the voltage is increasing the frequency of oscillation. 

Figure 3.2: Voltage and bandwidth of single beam energy harvester at 12.2 Hz 
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To extend the bandwidth of the system requires an equation that relates the frequency 

of the beam to its properties [14]: 

𝑓. = 	 !
-/
$ 0
	1

  [6] 

This equation represents how the spring constant (k) and the mass (m) of the system are 

related to the resonant frequency of a system. By changing either of these, we can control 

the frequency. A continuously changing spring constant will allow the device to operate 

at multiple frequencies, hence increasing the dynamic range of the system. This is the 

method we use to extend the bandwidth. 

 

In this work, a bi-stable cantilever-based frequency up-converter is designed.  

Figure 3.3 shows an illustration of the voltage and bandwidth enhancer.  

 

 

 

 

An LF cantilever is used as the first transducer of the system. It is designed to oscillate at 

an LF to capture the environmental vibrations. Two magnets are attached to the end of 

PVDF

Magnet

Bulk

LF Beam

HF Beam

Figure 3.3: Proposed system 

Low-frequency beam High-frequency 
beam 
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the beam, acting as loads, which lower the resonant frequency of the beam. Using the 

Multiphysics software COMSOL, the beam was designed to resonate at 12.2 Hz, and the 

dimensions needed for this were determined. 

An HF beam is added for the frequency up-conversion to amplify the voltage. This beam 

is made of amorphous metal which has high permittivity. The magnets attached to the LF 

beam are also used to control the movement of the HF beam. As the LF beam oscillates, 

it attracts and moves the HF beam. The LF beam pulls the HF beam a distance larger than 

it would reach naturally, until the magnetic force is weak and the HF beam resorts back 

to its natural resonance frequency at a high acceleration, causing high voltage spikes.  

To achieve peak results, the distance between both beams must be precisely designed. If 

the gap is large, the magnetic forces will be weak, and so the device will be able to operate 

at a lower vibration acceleration. The voltage amplification, however, will decrease. 

Similarly, with a small gap, the voltage amplification will increase, but the acceleration 

needed for the device to function will increase as well. Thus, finding the point at which a 

high amplification is achieved with minimum acceleration is optimal.  

The transducer, or power generator, of the system is the piezoelectric strip, attached to 

the HF beam. Two of the most common piezoelectric materials used are lead zirconate 

titanate (PZT) and polyvinylidene fluoride (PVDF), each of which has advantages and 

disadvantages. Lead zirconate titanate has a much larger piezoelectric constant (i.e., 

ability to convert mechanical strain to an electric field) than PVDF [28], which makes it 

produce voltages that can be ten times greater than those produced by PVDF. However, 

PZT has a very low tensile strength, as it is a ceramic material. This makes it very brittle 
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and unsuitable for flexible applications, such as biomedical energy harvesting. Since PVDF 

is a polymer, it has a low Young’s Modulus and is very flexible, making it suitable for more 

applications, and it is generally preferred due to its durability. Thus, PVDF is used in this 

work. 

By pairing the LF beam with the HF beam, the operating frequency is expected to change, 

as the magnetic forces between both beams are constantly changing. The equation of the 

transverse magnetic force on the LF beam is demonstrated [25] : 

𝐹1234 =	
5"6

(6!89!)
#
!
 [7] 

 Where 𝐹1234 is the magnetic force in the transverse direction, 𝐹;  is the magnitude of the 

moments for the magnetic dipoles, 𝑌 is the beam’s displacement in the transverse 

direction, and 𝑑 is the gap between both beams. This equation is non-linear, and this will 

change the dynamic behavior of the system. 

As previously mentioned, controlling the gap between both beams changes the strength 

of magnetic force between them. When the gap is large and the force is weak, the system 

oscillates around one equilibrium point, this is known as the monostable region. In this 

region the system oscillates at its natural frequency, and the effect of the magnet is not 

significant. When the gap is small and the force is strong, the system has two equilibrium 

points to oscillate around, this is the bistable region. The smaller the gap, the higher the 

system’s resonant frequency is. As the gap increases, the system approaches the 

monostable region, and the frequency decreases until it converges to the systems natural 

frequency, which is known as the threshold point. When the gap is designed to be around 
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the threshold point, the beam’s dynamic behavior changes as it exhibits hardening and 

softening behaviors. This change in behavior creates the non-linearity that changes the 

magnetic force, that affects the stiffness of the system, and in turn increases the 

bandwidth of the system. 

 

3.2 Working Principle 

Figure 3.4 shows how the voltage is generated. When the LF beam oscillates, it attracts 

the HF beam controlling its movement and bending the piezoelectric material. The 

polarity of the generated voltage depends on the direction of motion. Figure 3.5 provides 

a more in-depth explanation of the system. 

 

_

+

+

0 V

_

Figure 3.4: Voltage generation 
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Subfigure 1 is the resting position of the device. Once it starts to oscillate, beginning with 

the positive cycle, the LF beam moves up, attracting the HF beam with it and creating a 

positive voltage across the PVDF (Subfigure 2). As the LF beam moves further up, the 

magnetic force between both beams is weakened, and so the HF beam returns back to its 

resting position (Subfigure 3). This happens at high acceleration, creating a high negative 

voltage spike. Once the LF beam begins to go down, it again attracts the HF beam, 

generating a small positive voltage (Subfigure 4). The device then returns to its resting 

position (Subfigure 5). This is then repeated at the opposite polarization for the negative 

cycle, which results in a positive voltage spike. 

 

 

 

Figure 3.5: Working principle of the system 
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3.3 Fabrication 

Ultimaker 3 Extended is a 3D printer used to print the bulk material holding the two beams 

using the material PLA (polylactic acid). The LF beam is made of polystyrene and is 10 mm 

x 30 mm x 0.27 mm. An amorphous metal (Metglas 2605SA1) is used for the HF beam, as 

it is a magnetic material and will be affected by the movement of the magnets. It is 10 

mm x 10 mm in size with a thickness of 0.05 mm and has a piezoelectric PVDF sheet of 

size 7 mm x 11 mm and a thickness of 0.02 mm attached to it. The distance between both 

beams is 0.5 mm. Figure 3.6 shows a picture of the device. The device was built twice, 

once with a 40mm LF beam and once with a 30mm beam. These two designs are 

compared in the next section. 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: Fabricated system 
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3.4 Results 

The experiment conducted aimed to measure the voltage produced at different vibration 

conditions. The devices were placed on a shaker and connected to a vibration controller, 

that controls the acceleration and frequency of the vibration. They were then connected 

to an oscilloscope to observe the output. Figure 3.7 illustrates the setup. 

 

 

The first test was conducted on a voltage enhancer with a 40mm LF beam. 

To identify the minimum acceleration required for the device to function, the system was 

put under different accelerations, ranging from 0.2 g to 1.0 g, with a step of 0.2 g. For 

each acceleration, the frequency was swept from 10 Hz to 20 Hz, with an average step of 

1 Hz. Figure 3.8 shows the voltage produced at each acceleration with the specific 

frequency. 

 

Sine Vibration Controller 

Oscilloscope

Shaker

Voltage Enhancer

Figure 3.7: Setup of the experimental testing 
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The minimum acceleration needed is 0.6 g, but at 1.0 g, performance was better. 

Due to restrictions in the tools, the minimum frequency that could be measured at 1.0 g 

was 10 Hz. The 40 mm beam’s resonant frequency is around 7.5 Hz. Since it was essential 

to keep the same dimensions of the LF beam in both the conventional single beam 

harvester and the voltage enhancer, another device was created to fit the range of 

measurement.  

The beam was simulated through COMSOL and at 30 mm had a resonant frequency of 

13.3 Hz, greater than 10 Hz, so the former 30 mm measurement was used. Figure 3.9 

shows the simulation. 

 

 

Figure 3.8: Voltage vs. acceleration of vibrations 



35 
 

After fabrication, the beam resonated at 12.2 Hz, which is slightly different, but still within 

the range of operation of the tools. 

The second design, with an LF beam of 30 mm, was tested in the same manner, at 1.0 g 

but with a frequency ranging from 10 Hz to 23 Hz. Figure 3.10 shows the voltage-versus-

time results at 11.5 Hz. As we can see, the absolute peak voltages reach 15 V at the 

systems resonant frequency (in this case, 11.5 Hz).  

 

 

Figure 3.9: COMSOL simulated beam (13.3 Hz) 
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Figure 3.11 further presents the results. At the orange points, the HF beam is attached to 

the LF beam and moves at its pace. An HF voltage can still be seen, as the HF beam is still 

resonating. Once the magnetic force becomes weak, the HF beam is detached. This is 

shown by the green point. The HF beam then returns to its original position, with its own 

high resonant frequency, resulting in a high negative or positive peak. The rate at which 

the peaks occur is the frequency of the environmental vibrations. The HF beam then 

begins to resonate freely at its own frequency until it is again reattached to the magnets 

of the LF beam.  

Figure 3.10: Output voltage of the system at 11.5 Hz 
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Figure 3.12 presents the difference in the output generated by this device and the single 

beam. 

 

Figure 3.11: Description of results 

Figure 3.12: Peak voltage and bandwidth of single beam vs. proposed system 
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The peak voltages display an increase of 48.9% with the frequency-upconverter at 12.2 

Hz. The bandwidth has also drastically changed. With the single beam, the system 

operated with a bandwidth of 0.23 Hz, centered at 12.2 Hz. The bandwidth of the up-

converter increased to 11.4 Hz, ranging from 10.77 to 22.17 Hz.  

Table 3.1 presents the results more clearly, and Table 3.2 compares these results to the 

literature. 

 

 

 
TABLE 3.1. Voltage and Bandwidth Comparison 

 
Single Beam 

Voltage and Bandwidth 
Enhancer 

Peak voltage at 12.2 
Hz (V) 

9.85 14.67 

Maximum peak 
voltage (V) 

9.85 15.67 

Bandwidth (Hz) 0.23 11.4 
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TABLE 3.2. Summary of all Work 

Work Frequency (Hz) 
Acceleration 

(g) 
Piezoelectric 

Material 
Power Density 

(μW/cm3) 

Impact-driven 
frequency up-converter 

8.2 0.4 PZT 25.5 

Non-contact magnetic 
frequency upconverter 

10–22 1.0 PVDF 8.4 

Buckled bridge 
frequency upconverter 

30 3.0 PVDF 453* 

Mechanical H-bridge 
rectifier 

450 3.03 PZT 472* 

This work 10.77–22.17 1.0 PVDF 7.42 
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Chapter 4 

Proposed System II: Mechanical Rectifier 

To create an efficient rectifier, we must first find the location of the cantilever that gives 

us the maximum generated current. We know from equation 3 (q = d33 x force) that the 

charge generated is proportional to the force applied to the PVDF. The equations below 

can be used to relate the voltage generated and the acceleration of the beam [29]. This 

helps locate the point at which the maximum voltage is generated to make the 

rectification efficient. 

𝐼 = 𝑑𝑞/𝑑𝑡 [7] 

𝑉 = 𝐼𝑅 [8] 

𝑉 ∝ 𝑑𝐹/𝑑𝑡 [9] 

𝑉 ∝ 𝑑𝑎/𝑑𝑡 [10] 

Using both the relationship between current (I) and charge (q) and Ohm’s law, we can 

relate voltage (V) to the force applied on the piezoelectric material by relating it to 

equation 2. Using Newton’s law, we can say that the voltage at a position is related to the 

change in force or acceleration at that position. 

In a simple harmonic motion system, the largest force is found when the beam is at the 

maximum displacement from its original position. In Figure 4.1, we see the relations 

among displacement, velocity, acceleration, and the derivative of the acceleration in a 

simple harmonic motion system. 
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As Newton’s law states, we can relate force to acceleration. To identify the point of the 

greatest change in force (which indicates the maximum current), we derive the 

acceleration. Thus, we see that the change in force is directly proportional to the negative 

of the velocity, and we can say that the current generated is directly proportional to the 

negative of the velocity. 

In a simple harmonic motion system, this is at the original position of the beam, with the 

displacement being zero. 

Figure 4.1: Simple harmonic motion 
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Since this design consists of a frequency up-converter, defining its optimum point is more 

complicated. Figure 4.2 shows the displacement of the HF beam, which is controlled by 

the LF beam. 

 

 

At points labeled “1,” the HF beam detaches from the magnet of the LF beam and returns 

to its original position. The points labeled “2” show where the HF beam is reattached and 

reattracted to the magnet. The slopes of point 1 are steeper than those of 2, as it is the 

slope of the HF beam’s resonant frequency. 

To see where the maximum current generated in this system would be requires the 

negative of the derivative of the graph above, shown in Figure 4.3. 

As mentioned above, slope 1 is steeper than slope 2, and so it results in a high voltage 

peak. 

 

Figure 4.2: Motion of the HF beam 
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4.1 Model I: Static Rectifier 

4.1.1 System Design 

The static rectifier was designed to be sturdy and controllable, as its purpose was to find 

the optimal point of rectification with the least number of variables. Figure 4.4 illustrates 

Figure 4.3: Current generated compared to the displacement 
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the rectifier. The contact is adjustable to help find the distance that gives the best results. 

This is a half-wave rectifier, as it only captures the positive half-cycle. 

 

 

It is important to find the optimum distance between the PVDF and the switch. 

If the gap is too small, the voltage will not be rectified efficiently, as the switch will be 

connected while the beam is moving in both directions. Figure 4.5 illustrates this 

phenomenon. 

Figure 4.4: Design of the static rectifier 

Figure 4.5: Rectified current based on gap 
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As can be seen, when the gap is small, the boosted voltage is captured, but there is a high 

level of leakage voltage. When the gap is large, the leakage voltage decreases, but so does 

the boosted voltage. The optimum point was found using the variable switch. 

 

4.1.2 Fabrication 

The base (red) is plastic (PLA) and was 3D printed using the Ultimaker 3 Extended. The LF 

and HF beams were created using the same methods as for the voltage enhancer. A bolt 

and nut were used as the switch, where the ground was connected to the bolt. The 

positive terminal of the oscilloscope was connected to the metglas, which is connected to 

the bottom of the PVDF. Figure 4.6 shows an image of the static rectifier. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Fabricated static rectifier 
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4.1.3 Results 

After finding the best position for the switch, the results were saved and can be seen in 

Figure 4.7. 

 Due to the reversed connections, we can see a proportional relation between the 

displacement and the voltage generated. The positive peaks are thus the result of an 

upward motion of the beam. 

To examine the results further, we can compare them to Figure 4.5 and understand what 

was rectified. Figure 4.7 shows us that the high peaks in the results (positive) are, in fact, 

not the highest voltage achievable, as they are the results of the HF beam becoming 

attracted to the LF beam’s magnet. The largest voltage that can be achieved is when the 

beam is separated from the LF beam, and in this case, this voltage was not harvested. The 

voltage that was harvested from this stage is not the boosted voltage. This, however, is 

Figure 4.7: Results of static rectifier 
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the optimal position of the switch, and so this is the most that the system can be rectified 

mechanically. 

Table 4.1 shows the average peak voltages of the positive (rectified) and negative 

(leakage) voltages.  

 

TABLE 4.1. Results of the Static Rectifier 

Frequency 

Average Peak Voltage 

Rectified Leakage 

10 Hz 1.28 0.49 

11.2 Hz 0.92 0.46 

11.3 Hz 0.56 0.29 

11.4 Hz 0.25 0.21 

 

As can be seen, the voltage quickly decays and has a small bandwidth.  

This is due to the change in displacement. As the frequency changes, the displacement of 

the HF beam also changes, in this case becoming smaller. This affects the rectification, as 

the gap between the PVDF and the switch increases and is no longer optimal. 

The static switch rectifier rectifies by direct impact to the piezoelectric generator, this can 

affect the durability of the device. Another rectifier was designed keeping the durability 

in mind. 
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4.2 Model II: Rotating Rectifier 

4.2.1 System Design 

The second model is a rotating rectifier. This uses a similar concept to the static rectifier, 

with a switch connecting and disconnecting the harvesting circuit. In this case, the switch 

is a rotating piece connected to the HF beam. The system can be seen in Figure 4.8. 

 

 

 

The rotating switch is connected to the bottom of the PVDF, and so when it collides with 

the static switch, the voltage is rectified. As the LF beam moves up, it pulls the HF beam, 

and the switch rotates, disconnecting from the circuit. Once the beam goes down, the 

switch is connected, and the voltage is harvested. This is illustrated in Figure 4.9. 

Figure 4.8: 3D model of the rotating rectifier 
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4.2.2 Fabrication 

The moving switch and base are PLA and were 3D printed using the Ultimaker 3 Extended. 

The LF and HF beams were created using the same methods as the previous designs. The 

static switch is a wire, which is then connected to the oscilloscope in order to see the 

results. Figure 4.10 shows the fabricated rectifier. 

Figure 4.9: Working mechanism of the rotating rectifier 

Figure 4.10: Fabricated rotating rectifier 
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4.2.3 Results 

In this rectifier, similar results could be seen, and some leakage voltage was present. The 

rectified voltage is shown in Figure 4.11. 

  

 

The voltage is rectified as predicted, but some leakage current can be seen. The reason 

for this is illustrated in Figure 4.12. As the LF beam pulls down the HF beam, the rotating 

switch becomes connected to the circuit. The LF beam continues to pull the HF beam 

down, bending it and creating negative voltage (due to the connections of the positive 

and ground terminals; in Figure 4.11, this is seen as positive peaks). Once the magnetic 

force between the beams is sufficiently weak, the HF beam quickly returns to its original 

Figure 4.11: Results of rotating rectifier 
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position, rotating the rectifier with it to disconnect the switch. The upward movement of 

the beam is still harvested, because, for a short time, the switch remains connected. 

With that, we can see that the rectified voltage is not the boosted voltage (when the HF 

beam flicks up to its original position), but rather is the voltage due to the LF magnet 

pulling it down.  

The placement of the switch affects the bending of the beam. The closer the switch is, the 

more the beam bends but the less rectification there is. To achieve better rectification, 

the switch must be placed further away. This, however,  causes less bending to happen to 

the beam, and so less voltage is generated. This is expressed in Figure 4.13. 

Figure 4.12: Explanation of the leakage voltage 

∆"∆"

Figure 4.13: Bending of beam in relation to switch displacement 
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4.3 Summary 

TABLE 4.2. Comparing Rectifiers 

Rectifier Peak voltage (V) Advantages Disadvantages 

Static rectifier 1.28 Adjustable gap Impact on PVDF 

Rotating rectifier 2.5 Compact and 
durable Less bending 

 

Comparing both rectifiers in Table 4.2 indicates that the static rectifier is easier to 

design. The impact of the beam with the switch, however, is not the best for a long-term 

solution. The rotating rectifier is more durable, as the contact between the switches 

does not affect the beam. The placement of the switch affects the bending of the beam, 

and as a result the voltage produced is not maximized. 

Although the designs above were capable of rectifying voltage, several challenges were 

faced: 

• The average leakage voltage peaks was 0.49 V, which is lower than the leakage 

across most diodes used, but at the operating frequency (10Hz), the average 

peak voltage collected was 1.28 V. This voltage is significantly lower than the 

original voltage generated (without rectification). The reason for this is because 

the voltage harvested is not the boosted voltage, as mentioned above. 
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• Since the displacement changes along with the input frequency, the rectifier 

cannot operate at a large bandwidth and is functional at 10 Hz–11.2 Hz.  

• The rectification occurs at one point, and so the output voltage is triboelectric 

(instantaneous peaks). As a result, there is not enough time for the capacitor to 

be charged.  
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Chapter 5 

Conclusion 

This thesis explored the idea of enhancing the voltage and expanding the bandwidth of 

the conventional energy harvester. A new energy harvester was designed using the 

frequency up-conversion method. The harvester used magnets attached to a low-

frequency beam that resonates at the frequency of vibration to control a high-frequency 

beam with a piezoelectric generator that creates the high-voltage pulses. 

The energy harvester was designed to operate at low-frequency conditions and low input 

accelerations to accommodate more of the ambient vibrations found in the environment. 

The operating range was below 25 Hz, and the acceleration tested was 1.0 g, though it 

was possible to go lower. 

The durability of this harvester was taken into account as well. To achieve high voltage 

output, a significant amount of force is needed to act upon the piezoelectric voltage 

generator. Instead of using impact to generate this force, the magnetic forces between 

the magnets and amorphous high-frequency metallic beam was used. This allowed a great 

amount of force to be applied to the piezoelectric generator without risking the durability 

of the harvester. 

The voltage generated by this harvester was boosted by 48.9% at the resonant frequency 

of the conventional single beam harvester (12.2 Hz). The maximum voltage harvested was 

15.67 V, as opposed to 9.85 V.  
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A significant increase in bandwidth was also achieved. While the conventional harvester 

had a bandwidth of 0.23 Hz, this designed harvester operated at a bandwidth of 11.4 Hz, 

ranging from 10.77 Hz to 22.17 Hz. 

All the objectives listed in the Chapter 2 were achieved with this frequency-upconverter 

harvester, and we can thus state that the results showed many improvements to the 

conventional cantilever.  

Two types of mechanical rectifiers were implemented on the new harvester. A static 

rectifier with a tunable switch and a rotating rectifier were tested.  

The static rectifier was helpful to identify the optimal gap needed between the switch and 

the voltage generator to achieve the best rectification with minimum leakage. This was 

found, and the average leakage peaks were 0.49 V. The rectifier, however, used an impact 

on the piezoelectric generator to achieve rectification. This design would work on a device 

that does not require long-term functionality. The bandwidth of the device also 

decreased, due to the change in displacement of the beam with the change in frequency, 

which in return changes the gap between the voltage generator and the switch. 

The rotating rectifier eliminated the issue of impact on the voltage generator by having 

the switch impact a separate component (not the beam). This result also showed good 

rectification, but leakage voltage was still found.  

Working on these two rectifiers led to the discovery of an interesting concept, that is, that 

the highest points of voltage generation are not at the extreme displacement locations, 

but rather are somewhere in the middle. This means that it is very difficult to achieve a 

fully rectified voltage without leakages, especially when trying to rectify a specific voltage 
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spike, which in this case was the boosted voltage. Due to this, the voltage rectified using 

both rectifiers was lower than the output voltage of the harvester, generated without 

rectification. To deal with this challenge, different methods of improving the rectifiers are 

proposed in the following chapter. 

  



57 
 

Future Work 

This chapter discusses methods of improving the fabrication of the designed energy 

harvester as well as methods of increasing the efficiency of the mechanical rectifiers 

tested. 

To simplify the fabrication of the devices, 3D printing can be used. As mentioned 

previously, the base of the harvester and the rectifiers were 3D printed, but printing the 

LF and HF beams as well would make the process much simpler. The materials that were 

found that have similar properties to the polystyrene are PLA (Ultimaker 3 Extended and 

MakerBot) and Rigid (Form 2 3D). Due to the unavailability of Rigid, we tested another 

material, TPU 95. Both materials were used to 3D print the LF beam. TPU 95 has a higher 

Young’s Modulus than PLA, which resulted in different outcomes. Figure 6.1 shows the 

TPU 95 and PLA outcomes. 

 

 
Figure 6.1: TPU95 (left) and PLA (right) printed LF beams 
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The TPU 95 (black) was not suitable, as the material was not sufficiently elastic. After 

leaving the device for a day, the weights of the magnets began to deform the beam. The 

PLA (blue) showed good results but was a bit more rigid than the polystyrene and so had 

a higher operating frequency. It also did not bend much, resulting in lower generated 

voltage. This, however, can be changed by controlling the thickness and length of the 

beam, and if done properly, could show promising results. 

Minimizing the device to fit more applications is also an option. This could be done by 

controlling the ratio between the Young’s Modulus of the material and the dimensions of 

the beam. By doing so, one could minimize the LF beam while also allowing it to operate 

at the same operating frequency.  

To try to increase the output voltage even more, the HF beam could be reoptimized, with 

the length or shape being changed to achieve more bending. We have tested three 

different lengths of the beam (5 mm, 7 mm, and 10 mm), where 10 mm showed the best 

results. Trying to increase the length of the beam could help, but as it increases, the 

resonant frequency would decrease. This could also affect the bandwidth of the system, 

so this procedure would be a tradeoff. 

The main challenge in rectification was minimizing the negative peaks. It was difficult to 

capture the boosted voltage while having the switch in one position. This could be solved 

by creating a dynamic switch that would change positions depending on the beam’s 

direction of movement; if the HF beam goes down, the switch is on, whereas if the beam 

moves up, the switch moves and is disconnected. In this case, the rectification is not 
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dependent on the location of the beam, but on the direction of its movement. This would 

allow us to harvest the boosted voltage and could give better results. 

Another simpler method that could increase the efficiency of the rectifier is adding more 

control variables to the switch. Instead of only controlling the gap (z-axis) between the 

voltage enhancer and switch, another axis (x or y) could be added, giving us the possibility 

of finding a point that shows better results. 
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