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Abstract

The world has stepped into the fourth industrial revolution in many ways such as using the

internet of things (IoT) in various applications, and removing the rechargeable power sources

seeking for batteryless systems. Since energy is widely abundant around us and it is going

to waste, numerous of recent studies have been conducted to propose sustainable solutions

to harvest the free ambient power from the surrounding and convert it into electricity. Heat

energy, kinetic energy, and radio waves are examples of these potentially harvestable energy

sources. Mechanical vibrations represent one of the most plentiful forms of kinetic energy

that can be scavenged by different techniques, such as electromagnetic and piezoelectric

energy harvesters. As an application, utilizing the human body to harvest energy for wireless

autonomous medical applications is under investigation. Therefore, developing safe, efficient,

and biologically-compatible energy harvesters to be implanted inside the human body motion

is critical to the success of such applications. Triboelectric generators to be installed inside

the knee implant in the Total Knee Replacement (TKR) and the hip implant in Total Hip

Replacement (THR) for self-powered load monitoring have been proposed.

xi



Duo to the inability of traditional scavenging techniques to generate enough energy from

low-frequency ambient vibrations, a frequency up-converter vibration energy harvester is

proposed. The harvester converts low-frequency vibrations to high-frequency self-oscillation

through a mechanical frequency up-converter using a magnetic coupling, thus providing

more efficient energy conversion at low frequencies. The harvester consists of two cantilever

beams with tip magnets facing each other at the same polarity. The low-frequency beam is

made of polymer, while the high-frequency beam is made of Aluminum. The high-frequency

beam is a bimorph fully covered with piezoelectric layers. A lumped parameter of the two

degrees of freedom model (2DOF) is utilized to simulate the dynamic behavior and the

generated voltage signal. The static response of the resonators shows a threshold distance

of 15mm between the two magnets where the system has monostable oscillations above the

threshold and bistable oscillations below the threshold. Furthermore, the dynamic behavior

of the resonators is investigated at monostable, threshold, and bistable regions for different

excitation levels. The harvester’s output voltage at different resistance values is extracted

from the model. The frequency up-converter was found to effectively scavenge energy from

low-frequency external vibrations by mechanically up-converting the ambient vibrations to

high-frequency self-oscillations.

Validating the proposed frequency up-converter experimentally has been done with modifying

xii



some of the simulation parameters such as the physical dimensions and converting the high-

frequency beam (HFB) into a unimorph fully covered with a single piezoelectric layer. The

static analysis of the system reveals a threshold distance of 15mm that divides the system into

a monostable regime for weak magnetic coupling and a bistable regime for strong magnetic

coupling. Hardening and softening behaviors were observed at the low-frequency range for

the mono and bistable regimes, respectively. In addition, a combined nonlinear behavior

of softening and hardening behaviors was captured for low frequencies at the threshold

distance. Furthermore, the proposed system generates voltage showing 100% increment at

the threshold compared to the monostable regime. Lowering the separation distance to reach

the bistable range, d ≤ 8mm, will increase the generated voltage compared to the voltage

generated in the monostable and threshold. The simulated and experimental results were in

good agreement. Moreover, the effect of changing the external resistance was investigated,

and setting the external resistance to 25MΩ was found to maximize the generated voltage.

To satisfy biomedical implants continuous need for improvement; triboelectric energy harvesters

continue to show promising and efficient performance in transferring mechanical energy into

electrical energy, making them a prime candidate for biomedical implants. TKR is a widely

used surgery worldwide and, more so, in the United States. Therefore, Triboelectric harvester

performance in biomedical applications was investigated in TKR. In this study, performance

xiii



of two new configurations a triboelectric energy harvester in TKR were compared as self-

powered implanted sensors for load measurement. The first configuration is a full knee

harvester, covering the whole area of the tibial tray. The second configuration consists of two

harvesters at the lateral and medial locations. Both configurations are to be fit in the knee

implant. Performance of both configurations experimentally was evaluated while subjected

to an axial cyclic load applied by a dynamic tester at different frequencies. Also, the lateral

and medial generators were tested for load imbalance detection producing promising results.

Findings from this study would contribute to the improvement of TKRs by transforming

them from passive to smart TKRs using the proposed energy harvesters, which will lead to

better health monitoring.

Similarly, Total Hip Replacement (THR) involves a conventional medical implant where

many interacting factors could cause patient dissatisfaction, sometimes leading to lengthy

and risky procedures based on guesses. Energy harvesting from natural human motion is

being investigated to create a reliable source that will power smart implants and monitor

performance simultaneously without any replacement or exchanges. A novel Triboelectric

Energy Harvester (TEH) design was proposed to retrofit a TEH to the THR implant, making

it a smart implant. A custom femoral head was designed to incorporate grooves onto the

THR femoral head, maximizing energy production without increasing the overall size of them.

xiv



The TEH consists of two Titanium layers separated by a polydimethylsiloxane (PDMS)

insulator. The Finite Element Analysis shows that the mechanical spring maintains the

contact separation motion which is the working cycle of the of the TEH for voltage generation.

A theoretical model of a single-degree-of-freedom system with piece-wise functions was

proposed based on the FEA results to model the contact and release modes and voltage

estimations. This study can open the door and lead to new research in load monitoring for

total hip replacement.
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Chapter One

Introduction

The continuous development in technology has recently led to improve power generation

resources by transferring them from conventional to non-conventional. Conventional power

resources such as batteries are limited due to their short lifespan and the limited ability

to store the power, so they need charging every time. Therefore, harvesting energy from

the ambient becomes an attractive concept to remove the need for batteries due to their

limitations. [6]. Mechanical vibrations are considered one of the most forms of mechanical

energy wasted that is abundant around us in the environment, in addition to our daily living

activities, such as the motion of the vehicles and human motions. [7–9]. Consequently,

research is constantly conducted to utilize those mechanical vibrations to generate electricity

from mechanical vibrations to power wireless sensors and electronics that work in micro-to-

milliwatts range [10].

Nature is rich with the mechanical vibrations that are abundant at low-frequency ranges [11].
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So, harvesting those vibrations utilizes the ambient energy to engage the non-conventional

power resources[12]. Different mechanisms are used to convert the mechanical vibrations

into electrical power, where electromagnetic [13], triboelectric [14,15], and piezoelectric [16]

energy harvesters are the most common. Among all these mechanisms, piezoelectric energy

harvesters have the ability to work at a low-power level and resist environmental conditions,

therefore, they have been utilized in several applications, such as being implanted inside the

human body [17,18], civil infrastructure [1,19], and the aerospace systems [20–24]. However,

some drawbacks of the harvesters include the high resonance frequency which is away from

the ambient ranges [7,25], and the narrow bandwidth [26]. Therefore, several techniques have

been utilized to overcome these drawbacks, such as the nonlinearity contribution [27–34],

circuit management [35], double pendulum system [36], frequency-tunable oscillators [37–39],

and frequency up-conversion [2]. Nonlinearity has been utilized to expand the bandwidth

of the output power through influencing the mechanical [40, 41], impact [42], and magnetic

[34, 43, 44] effects.
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Figure 1.1. Example of proposed piezoceramic patch attached onto a large civil engineering
structure for power generation.[1]

Figure 1.2. Example of proposed Layout and geometric parameters of cantilevered
vibration energy harvester in parallel bimorph configuration with magnetic tip mass
(Frequency Up-conversion)[2].

To increase the efficiency of harvesting energy at low frequency vibrations, the frequency

up-converter has been investigated lately [2, 45–53]. The idea of the frequency up-converter

is that the low-frequency sources can induce high-frequency oscillations [54]. This induction

can be obtained either by the impact [55] or pluck [56]. An impact between low-frequency

3



beam and the high-frequency beam will transfer the low-frequency vibrations into high-range

frequencies [45,57]. This technique would improve the low-frequency vibration harvesters by

filling the gap between the low-frequency excitation, and high-frequency response [58,59]. To

increase the reliability and eliminate issues of mechanical contact, the possibility of using a

magnetic coupling has been investigated and optimized as a non-mechanical contact method

[2,3,48,60,61]. The low-frequency motions of animals have been up-converted through a self-

powered magnetoacoustic into high-frequency acoustic signals [62]. On the other hand, in a

different study, an electromagnetic frequency up-converter induction was used with magnets

and coils at the top of the resonator beam to generate power [61].

Figure 1.3. Example of proposed Optimized Magnetically Coupled Two-Degree-of-
Freedom Bistable Energy Harvester.[3]

The nonlinear magnetic behaviors of softening and hardening hwere the natural frequency of

the resonators can be achieved by controlling the separation distance between two magnets

facing each other at the same polarity [34]. Broadening the bandwidth has been investigated

4



by using microscale [63–65] or macroscale [25] monostable energy harvesters. Also, bistability

was used to increase the frequency bandwidth, and the magnitude of the output power

[26, 66]. Other studies used the same method for improving the output energy [67–72].

Experimental results show that maximum power is produced at the transition region between

the monostable and the bistable regions [34, 73, 74]. Also, it was shown that the external

load resistance was optimized in a magnetically coupled two degree of freedom bistable

energy harvester to maximize the output power [3]. The effect of spring stiffness at low

excitation frequencies under the Gaussian white noise excitation at a low excitation level

has a significant impact on improving the harvesting efficiency in bistable energy harvesters

[75].

In biomedical applications, the satisfaction level of TKR surgery is influenced by ongoing

issues stemming from implant resilience, function loosening, and load imbalance, among

other factors. These factors are usually associated with the magnitude of the loads transferred

to the joint; thus, the possibly of noninvasively monitoring these loads would significantly

improve surgical intervention decisions. A battery-powered system is sometimes fitted with

the joint to power the load sensors intraoperatively (for sensor-aided soft tissue balancing).

Still, these are usually removed from the joint after surgery [76]. Therefore, having energy

harvesting mechanisms working independently with wireless networks presents a viable

5



option to eliminate the use of batteries [7].

A telemetered TKR system was developed to function postoperatively for sensing and monitoring

the joint loads[76–78]. Sensors capable of self-powering through harvesting energy from joint

loads provide a long-term functionality in TKR to monitor the loads continuously[4,79–82].

Piezoelectric sensors are the most widespread in biomechanical applications as they fulfill

self-powering and sensing requirements [4, 83–86]. However, their biocompatibility and cost

are still disadvantageous when compared to triboelectric-based harvesters and sensors.

Figure 1.4. Example of proposed embedded piezoelectric sensor in the polyethylene bearing
in TKR.[4]

The triboelectric effect is characterized by transferring electrons inductively from one material

to another when they come in and out of contact. It occurs due to the affinity difference to

gain or lose electrons [87,88]. Due to its advantages such as biocompatibility, high efficiency,

low fabrication costs, and lightweight, the triboelectric generator has been used recently

in wide range of energy harvesting applications [89, 90]. The feasibility of the triboelectric
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energy harvester in powering electronic circuitry for load sensing has been tested and reported

in the literature with relatively high efficiency [91]. The triboelectric harvester generates a

voltage signal dependent on the harvester’s design parameters. These parameters include the

gap size between the mating parts, the thickness of the harvester’s material, and external

resistance, to name a few. These parameters have been designed and configured to fit

the harvester in a TKR to monitor the knee loads[5]. Estimating the knee loads by the

triboelectric generator can help determine the wear in polyethylene, stress distribution in

the implant and the implant-bone interface, and the stress transferred to the underlying

bone[92].

Figure 1.5. Example of proposed performance of a triboelectric transducer when subjected
to simulated gait loading[5].

Implantable sensors can increase patient care and medical procedure satisfaction rates by
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allowing noninvasive diagnostics to be performed to monitor healing or understand unseen

conditions within the body [93]. Total Hip Replacement (THR) is considered one of the

most common orthopedic surgeries, which are performed over 370,000 times in the United

States [94]. Patient dissatisfaction is not easily predictable and does not always have a clear

cause; however, a contributing cause of patient dissatisfaction is persisting pain after total

hip replacement [95].

In previous years, predominately senior patients have received orthopedic implants; however,

the number of younger patients (less than 60 years old) continues to rise due to injuries or

being over-weight [96]. Because of this, it is essential to consider implant lifespan and fatigue.

The magnitude of loads exerted on the hip joint varies, depending on body weight and joints’

kinematics under daily living activities. Forces of approximately eight times the body weight

(BW) are usually exerted on is the hip joint [97]. Unpredictable forces acting on the hip lead

to common problems associated with THR, such as loosening of prostheses, implant wear,

and hence shortening of implant survival rates [98].

Understanding and estimating these forces via smart implants would allow significant improvement

in extending the lifespan of implants and consequently increasing overall patient satisfaction

[99]. The data provided from smart implants can assist in defining load conditions for
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testing and verification of implant performance in vitro [100]. Post-operation information

regarding the complicated loads acting on the implants could greatly enhance projections

about functionality and lifespan. Conventional implants do not provide information regarding

the experienced loads; therefore, necessary implant intervention may be recognized at a

later stage, showing implant damage in asymptomatic patient. Introducing a smart hip

implant that can noninvasively and accurately measure the loads acting on the implants in

real-time would provide a multitude of benefits, including diagnostic capabilities [101–103],

cost reduction [102], and development of next-generation implants and surgical mechanisms

[104, 105].

Energy harvesting and sensing have previously been implemented in human knees because

of their relatively simpler geometry. One method of harvesting energy is using piezoelectric

implant technology. A piezoelectric material can be placed in the total knee replacement

to measure the compressive loads acting on the knee [4]. Triboelectric energy harvesting

is another method that is based on power generation caused by contact and separation of

materials with opposite tendencies to lose or gain electrons [87, 88]. The greater amount of

surface area materials shares, the greater charge can be produced [91]. A point of significance

regarding this technology is that the TEH’s voltage is proportional to the load acting on

the sensor; therefore, a TEH can simultaneously be used as a load sensor and power source.
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The contact initiates electrification and electrostatic induction, which generates electricity.

Triboelectric energy harvesters are preferred because of their high efficiency, lightweight, and

low fabrication costs [91]. Under applied dynamic pressure, charges are generated from the

two contact surfaces’ friction in the triboelectric generation, which is ideal for a joint such

as the hip. However, implementing the triboelectric energy harvesting mechanism in the

THR presents a significant challenge due to the complicated nature of the hip joint shape

and motion.
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Chapter Two

Overview of the Thesis

This chapter aims to give an overview of the topics discussed in this thesis. The problem

statement, methodology, and the contribution of each topic of this thesis were highlighted.

Frequency Up-Converter

Problem Statement

The main research motivation for vibration based-energy harvesting is to power small electronic

devices using ambient vibration energy to reduce or eliminate the maintenance cost of

battery replacement. Among different transduction mechanisms, piezoelectric is considered

one of the most efficient techniques for transferring vibrations into useful energy because

of the large power density and ease of use. However, several ambient vibrations are at

very low frequencies, and designing a piezoelectric energy harvester that would resonate at

such low frequencies would require impractically large dimensions and/or big proof masses.

Toward this, a frequency up-converter of two magnetically coupled Cantilever beams has
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been introduced.

Methodology

A piezoelectric energy harvester of two magnetically coupled cantilever beams was subjected

to different base excitation levels using an electrodynamics Shaker. One of the beams is

fabricated from a soft polymer material with low natural frequency and named a Low-

Frequency Beam (LFB), while the second beam is made of Aluminum with high natural

frequency and is called a High-Frequency Beam (HFB). For a frequency-up conversion,

a piezoelectric strip fully covers the top face of the HFB, while the LFB is kept free of

piezoelectric materials. The harvester dynamics have been investigated under different

repulsive magnetic forces by controlling the distance between the two magnets. A lumped

parameter modeling of a 2DOF system is used to simulate the dynamics of the harvester and

its ability to act as a frequency-up converter. Also, a Vibration Controller from Vibration

Research Inc was used for getting the experimental results. The shooting method was used

in solving the system numerically.

Contribution

As reported in the literature, the frequency up-converter has been investigated previously

with different structures and mechanisms. The design of two magnetically coupled cantilever
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beams was investigated as energy harvester targeting low-frequency ranges. However, the

novelty of the work comes from modifying the design by making one of the cantilevers

beams a high-frequency beam (above the ambient frequencies) range and with an attachment

of a piezoelectric layer while leaving the other cantilever beam at a low-frequency range

(below the ambient frequencies) to achieve a unique design for frequency up-converter

system, which to the best of our knowledge, never have been investigated before. This

study utilized magnetic nonlinearity to transfer the energy between the low and high-

frequency ranges. Moreover, inducing the magnetic nonlinearity shows great potential for

harvesting more energy and overcoming the narrow bandwidth drawbacks of the linear

harvesters. Furthermore, mathematically, the system using a lumped parameter modeling

for predicting the harvester’s behavior at the monostable, threshold, and bistable regimes

for different excitation levels has been modeled. The mathematically simulated results have

been validated experimentally. Finally, a combination behavior of softening and hardening

nonlinear behaviors at the transition between monostable and bistable regions has been

caught, which never have been reported in the literature for this structure.
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Total Knee Replacement (TKR)

Problem Statement

TKR was investigated by many studies in the energy harvesting field to create self-powered

mechanisms to be integrated with the implant to improve its performance and increase its

lifetime. Piezoelectric materials, wireless transmitters, and triboelectric generators were

investigated to generate power from the knee under the daily life activities cycles. However,

the natural imbalance that is presented inside the knee between the lateral and medial

locations was not explored despite it is one of the main causes of the function loosening of

the knee implant.

Methodology

A full knee configuration of Triboelectric generator that covers the entire knee area has been

investigated under cycling load to study the generated voltage under different amounts of

loads and frequencies. Also, the full configuration of the triboelectric generator was divided

into two identical generators installed at the lateral and medial locations inside the knee to

detect the imbalance. Lastly, a comparison of the generated voltage between the full knee

configuration and the lateral and medial configurations was discussed.
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Contribution

It has been found that applying higher loads and frequencies on the generator leads to

generate higher voltage in both configurations duo to higher generated electrical charges in

the triboelectric generators. Also, duo to higher area of contact in the full configuration,

the amount of the produced voltage is higher in the full configuration than the combined

voltage of both lateral and medial generators as the proportionality of the results shows.

Moreover, since both the lateral and medial generators are identical, the generated voltage

was approximately equal for both when the load is applied at the center of the knee between

both generators. To detect the imbalance inside the knee, the applied load was shifted

towards the medial generator. Consequently, it has shown the that generated voltage

magnitude was higher in the medial generator than the lateral generator. This result pledge

to help in determining the force distribution inside the knee which will contribute to the

improvement of the implant while it is manufactured and postoperatively with no need for

a power source.
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Total Hip Replacement (THR)

Problem Statement

Similar importance to the knee, the Total Hip Replacement (THR) has become recently

a hot topic to be explored and developed. Scientists and engineers in energy harvesting

have studied the possibility of creating a self-powered sensor to be embedded in the hip

for measuring the load distribution by measuring generated power. Strain gauges, pressure

sensors, and in vivo studies were conducted to explore the implant force distributions. A

novel design is presented in this study by installing the triboelectric generator in the hip to

estimate the generated loads inside the joint by measuring the generated voltage at different

loads and loading frequencies.

Methodology

A new structure of the hip implant was fabricated from the triboelectric generator. The

accetabular cup was replaced by the lower electrode of the triboelectric generator as hemisphere

for design fitting. The femoral head of the THR was changed to be the upper electrode of

the generator with taking the characteristics of the femoral head design with making grooves

along the surface for higher generated voltage. The PDMS in the generator works at the

mean time as a plastic spacer, which is a part of the hip implant. The three main components
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were attached to each other by identical pins that work as springs for maintaining contact

and separation. The design was investigated at different loads to determine the optimum

linear displacement that will determine the maximum thickness of the PDMS which will

provide the optimum applied load. The spring constant of the identical pins was calculated

using Hooke’s law (k = F/x) to know the required stiffness that maintains the contact and

separation properly.

Contribution

It is the first study that uses the triboelectric generator in THR as a self-powered mechanism

for load monitoring. Also, the triboelectric generator copied the characteristics of the actual

THR design with retrofitting the generator and the actual function of the implant motion.

Besides, FEA and piecewise functions were utilized to predict the generated voltage as a

function of the applied load within the range of contact and separation modes.
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Chapter Three

Piezoelectric Energy Harvester Using Frequency Up-Conversion

Modeling and Simulation Analysis

In this section, a piezoelectric vibration energy harvester using frequency up-conversion for

energy scavenging from low-frequency external vibrations has been proposed. A mechanical

frequency up-converter of two magnetically coupled cantilever beams was used to covert

low-frequency vibrations to high-frequency oscillations. The two cantilever beams with tip

magnets facing each other at the same polarity were used to induce coupling and nonlinearity

for more efficient energy production. A two-degree of freedom-lumped parameter model was

presented and the dynamic behavior was simulated to generate voltage signal. First, the

analysis started by demonstrating the device configuration and the operation mechanism

of the frequency up-converter energy harvester. Then, a theoretical coupled two degree of

freedom lumped parameter model has been developed. Additionally, the static response

problems has been extracted. Finally, the results have been discussed.
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Device Configuration and Operation

The nonlinear frequency up-converter consists of two cantilever beams with tip masses

attached to a rigid holder (Fig. 3.1a). The beam to the left in Fig. 3.1a is made of a polymer

material to have low natural frequency, and it is called Low-Frequency Beam (LFB), while the

beam to the right is a bimorph beam made of Aluminum to increase its natural frequency,

and fully covered by piezoelectric laminates for voltage generation, and it is called High-

Frequency Beam (HFB). The tip masses are two identical magnets facing each other at the

same polarity to create a nonlinear repulsive force that acts as a mechanical coupling between

both beams. In Fig. 3.1a, L1 and L2 are the lengths of the LFB and HFB, respectively, while

R and d are the resistance connected to the piezoelectric strip and the horizontal separation

distance, respectively. The mechanical coupler will transfer the energy of the HFB to the

range of the LFB to create a frequency up-converter energy harvester. The entire system is

subjected to a harmonic base excitation, a(t). By lowering the separation distance between

the two magnets, the repulsive force between the two magnets increases and induces high

nonlinearity in the system. With high nonlinearity, the potential energy of the resonator

will transfer from a monostable system (oscillation of the resonator around the horizontal

axis) to a bi-stable system (oscillation of the resonator either upper or lower the horizontal

axis). This interaction between the two beams as a function of the separation distance is

illustrated in Figure 3.1b. Increasing the distance between the two magnets results in a

19



monostable system where each beam will oscillate around a single well stable equilibrium

potential energy function, case 1 in Fig. 3.1b. On the other hand, decreasing the distance

between the two magnets will force the system to become bistable, and each beam oscillates

between two potential wells around two stable equilibrium points, cases 2 and 3 in Fig. 3.1b.

(a) (b)

Figure 3.1. Proposed frequency up-converter energy harvester: (a) Device configuration,
(b) Device operation.

Theoretical Model

The frequency up-converter will vibrate under mechanical excitation, providing the bending

and stress required for piezoelectric voltage generation, Fig. 3.2a. The two magnets will affect

each other with the same magnitude of magnetic force but in the opposite direction that

can be analyzed into horizontal and vertical components. Here, the frequency up-converter

is modeled as a two Degree of Freedom (2DOF) lumped parameter model subjected to
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harmonic base excitation as shown in Fig. 3.2. For obtaining the electrical equation, the

piezoelectric layer is replaced with a capacitance (CP ), and a current source denoted with

I(t). An effective electrical circuit is needed for all electrical connections to present a unified

formulation for the electrical equation. Fig. 3.3a shows the bimorph in series connection.

The equivalent capacitance and resistive load for the effective electrical circuit are shown

in Fig. 3.3b. Accordingly, the governing equations for the frequency up-converter system

are given by Eq. (3.10), representing the governing equations for the LFB, HFB, and the

electrical coupling equation for the piezoelectric layer with the HFB.

(a) (b)

Figure 3.2. (a) Magnetic interactions between LFB and HFB, (b) Two degrees of freedom
spring-mass-damper systems for the LFB and HFB.
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(a) (b)

Figure 3.3. Piezoelectric energy harvester with the equivalent circuit: (a) bimorph in series
connection, and (b) the effective circuit for the harvester.

a(t) =


z̈1(t) + 2ζ1ω1ż1(t) + ω2

1z1(t) +
1
m1

Fmagy

z̈2(t) + 2ζ2ω2ż2(t) + ω2
2z2(t) +

θ
m2

v(t)− 1
m2

Fmagy

v̇(t) = χż2(t)− λv(t)

. (3.1)

Where a(t) is the harmonic base excitation which equals a(t) = A cos(Ω t), where Ω is the

excitation frequency and A is the amplitude. z1(t) and z2(t) are the responses of the LFB

and the HFB, respectively. m1 is the equivalent mass of the LFB, ω1 is the natural frequency

of the LFB, while m2 and ω2 are the equivalent mass and natural frequency of the HFB. ζ1

and ζ2 denote the damping ratio for the LFB and HFB, respectively. v(t) is the generated

voltage from the piezoelectric layers, and λ = 1/RCp, such that R is the resistance, and Cp

is the capacitance (Cp =
ϵ33bpLp

hp
), where ϵ33 is the permittivity (3250×8.854×10−12), bp, Lp,

and hp are the piezoelectric layer’s width, length, and thickness, respectively. Also, χ can
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be calculated as χ = θ
Cp

, where θ is the coupling coefficient of the piezoelectric layer. The

natural frequency of both beams can be calculated from the following formula:

fi =
1

2π

√
ki
mi

, i = 1, 2. (3.2)

Where ki is the stiffness of the beams, and can be calculated for the LFB and HFB as:

k1 = 3E1I1/L
3
1, k2 = 3(2EpIp + E2I2)/L

3
2, respectively, [106]. Ep and Ip are the modulus of

elasticity and moment of inertia of the piezoelectric layer, respectively. mi is the equivalent

mass for each beam. The stiffness of the HFB represents an equivalent stiffness that

combines two piezoelectric layers in addition to the beam. Also, the HFB’s mass consists

of the two piezoelectric layers masses (2mp) and the effective mass of the cantilever beam

(mheff = 0.375mb) [106], where mb is the beam mass.

Magnetic force is the coupling element that transfers the oscillation from the LFB to the

HFB. The effect of the distance between the two tip magnets of both beams and the potential

energy of the system is illustrated in Fig. 3.1b. Since the magnetic force is a function of the

separation distance (d) between the two tip magnets, it will be responsible for producing

equilibrium positions of both beams, creating monostable or bistable systems. The total

magnetic force between two dipoles is a function of spatial derivatives of their magnetic field
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and is given by [34]:

Fmag =
FR

X4
(3.3)

Where X is the distance between the centers of the two magnets (X =
√
d2 + y2), and FR is

the magnitude of the moments for magnetic dipoles and is given by ( FR = 3ϵq1q2
2π

), where q1

and q2 are the moments of magnetic dipoles for the tip magnets. ϵ is the permeability of the

free space and equal to 4π×10−7 mkg/s2A2. As shown in Fig. 3.2a, the total magnetic force

can be analyzed using the angle ϕ into a horizontal component (Fmagx), which is assumed

to be equivalent to the longitudinal stiffness of the beam, and a vertical component (Fmagy)

in the transverse direction, which is responsible for the beams transverse deflections and is

given by the following equation:

Fmagy =
FRy

(d2 + y2)5/2
(3.4)

Where d is the horizontal separation distance between the two magnets, and y is the total

deflection between the two moving magnets and given by (y = z1(t) + z2(t)).

24



Results And Discussion

Static Analysis

The static analysis of both beams can be formulated by setting all-time derivatives to zero

in Eq. (3.1), which leads to the following static equations:

k1z1s +
FR(z1s + z2s)

((z1s + z2s)2 + d2)5/2
= 0 (3.5)

k2z2s −
FR(z1s + z2s)

((z1s + z2s)2 + d2)5/2
= 0 (3.6)

Where z1s and z2s are the static deflection of the LFB and HFB, respectively. The variables

and geometrical parameters needed to solve the system under harmonic excitation are listed

in Table 3.1.

The variation of the static deflection for the LFB and HFB’s tip magnets centers with varying

the distance between them are shown in Figure 3.4, with maximum deflections of 12.6mm

for the LFB and 0.1mm for the HFB. Both static responses show a threshold separation

distance dth of 15mm that divide the static responses into monostable region (d > dth)

and bistable region (d < dth). Each static response contains a single stable branch for the

monostable regime, while it has two stable (upper and lower) branches and one unstable
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branch (middle) for the bistable regime. The effect of the weight of each tip mass is shown

as a symmetry-breaking bifurcation phenomenon at the threshold value.

Table 3.1. Physical and geometrical parameters to be used in the model.

Parameters Symbol Value
LFB (length ×width× thickness) L1 × b1 × h1 (40× 10× 1) mm
LFB Young’s modulus E1 2.344 Gpa
LFB Density ρ1 1220 kg/m3

LFB Damping ratio ζ1 0.084 N.s/m
HFB (length ×width× thickness) L2 × b2 × h2 (40× 10× 1.6) mm
HFB Young’s modulus E2 69.0 Gpa
HFB Density ρ2 2700 kg/m3

HFB Damping ratio ζ2 0.0073 N.s/m
Piezoelectric (length ×width× thickness) Lp × bp × hp (40× 7× 0.02) mm
Piezoelectric Young’s modulus Ep 2450 Mpa
Piezoelectric Density ρp 1780 kg/m3

Resistance R 10 MΩ
Magnets side length Lm 8.0 mm
Magnetic moment q1 = q2 0.5 A2/m
Electro-mechanical coupling θ 1× 10−4

Piezoelectric Laminate permittivity ϵ33 3250× 8.854× 10−12
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(a) (b)

Figure 3.4. Simulated static response for the center of the tip magnets as a function of the
distance between the two magnets (d): (a) Static response of the LFB, (b) Static response
of the HFB. Threshold distance (dth) is found to be 15 mm for both tip magnets.

Dynamic Analysis

Figure 3.5 shows the frequency response curves of the LFB and HFB at a low excitation

level of 0.05g excluding the magnetic effect. As shown in Fig. 3.5a, the natural frequency

of the LFB is found to be 24 Hz, while the natural frequency of the HFB is found to be at

256 Hz as shown in Fig. 3.5b. In addition, the corresponding generated voltage of the HFB

is shown in Fig. 3.5c, and found to have a maximum voltage of 0.36 V .
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(a) (b)

(c)

Figure 3.5. Frequency response curves for the LFB and HFB at excitation of 0.05 g and
without magnetic effect: (a) LFB frequency response curve, (b) HFB frequency response
curve. (c) The voltage response curve of the HFB at excitation of 0.05 g without magnetic
effect.

Figure 3.6 shows the voltage response curve of the HFB at different excitation levels and with

a wide frequency range that covers both LFB and HFB natural frequencies. The separation

distance between the two magnets was set to d = 20 mm, which is larger than the threshold

distance of the system, so the oscillation happens at the monostable region. According to

Fig. 3.6a, by increasing the excitation level, the maximum generated output voltage increases
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until reaching 11 V at 1.5 g, and this can be related to higher stress and strain developed on

the piezoelectric layers with higher excitation. Zooming into the range of frequencies around

the LFB’s natural frequency, it is noticed that a new voltage signal is created at 24 Hz as

shown in Fig. 3.6b. This generated voltage at 24 Hz proves the frequency up-conversion

effect. This peak is generated due to the magnetic coupling force between the two beams’

tip magnets, known as the frequency up-converter effect since the piezoelectric laminates on

the HFB generate a voltage at the LFB natural frequency. It is also seen that the effect of

increasing the excitation level on amplifying the generated voltage signal where it reaches

0.2 V at 1.5 g.

(a) (b)

Figure 3.6. The voltage response curve of the HFB at different excitation levels and 20 mm
separation distance: (a) Voltage response over a full frequency range, (b) Voltage response
of the HFB at the LFB frequency range.

In Fig. 3.7a, the separation distance between both magnets, d, is decreased to 15 mm,

which equals the threshold distance, so the beam is vibrating at the threshold region. The
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frequency at this separation distance is shifted to a lower value of 18.5 Hz compared to 24Hz

at 20 mm separation distance shown in Fig 3.6b. In Fig. 3.7a, the hardening phenomenon

is noticed when increasing the excitation level because the positive cubic nonlinearity in the

magnetic force dominates at the threshold. Also, the voltage reaches a maximum value of

0.42 V at 1.5 g excitation level. Compared to the monostable case at 20 mm separation

distance, the higher output voltage is achieved at the threshold distance is related to the

higher magnetic coupling between the two beams at a lower separation distance. Lowering

the separation distance between the two magnets to the bistable region results in shifting

the frequency up to 41.0 Hz for the nonlinear harvester compared to the linear at 24.0 Hz

as shown in Fig. 3.7b. Furthermore, increasing the excitation level results in a nonlinear

softening behavior because the quadratic nonlinearity from the magnetic force dominates

at the bistable region, as shown in Fig. 3.7b. The generated output voltage increases by

increasing the excitation level and reaches a maximum value of 1.2 V , which is equivalent to

192% and 500% increment compared to the threshold and monostable regions, respectively.

Next, the effect of the resistance on the generated voltage in the bistable region (d = 8 mm)

has been investigated. By varying the resistance from 100 kΩ to 100 MΩ at 1g level, the

generated voltage increases with increasing the resistance up to 10 MΩ, where no further

increment can be noticed even at higher resistances as shown in Fig. 3.8. At 10 MΩ or

higher, a maximum voltage of 0.8 V is generated.
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(a) (b)

Figure 3.7. The voltage response curve of the HFB at different excitation levels: (a) 15 mm
separation distance, (b) 8 mm separation distance.

Figure 3.8. The voltage response curve of the HFB at different resistance R, and 8 mm
separation distance, and at 1.0 g excitation level.
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Experimental Validation

In this section, the theoretical model will be validated experimentally.Toward this, the

theoretical model is modified to accommodate the experimental geometrical and physical

parameters. The beams are attached to a holder, and the whole setup is installed on an

electrodynamics shaker as shown in Fig. 3.9a. Compare to the previous structure, the only

major changes was the HFB, where it is designed to be a unimorph beam (One piezoelectric

strip attached to the top surface of the beam). The theoretical model is exactly as discussed

previously, however, the equivalent moment of inertia of the HFB and piezoelectric strip is

now different and can be calculated using Eqn. 3.7 [106].

Ieq is

(a) (b)

Figure 3.9. 3D model and schematic of the system. (a) A 3D model of the system. (b) A
schematic of the system.
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Ieq =
Wpt

3
p

12
+ (tpWp(th +

tp
2
)− Yn)

2 +
nWpt

3
h

12
+ thnWp(

th
2
− Yn)

2 (3.7)

Where Yn is the location of the neutral axis of the HFB with the piezoelectric strip and can

be calculated using Eqn. 3.8. Also, tp and th are thicknesses of the piezoelectric strip and

the HFB, respectively. Wp represents the width of the piezoelectric strip, and n is the ratio

of the modulus of elasticity of the HFB to the modulus of elasticity of the piezoelectric strip

(n = Eh

Ep
).

Yn =
( tp
2
+ th)tp + ( th

2
)nth

(tp + thn)
. (3.8)

By evaluating the neutral axis location, Yn, the Electro-mechanical coupling factor, θ, can

be calculated as:

θ = d31

(
k2b2L2(L2 + Lp)Yn

2Ieq

)
(3.9)

Where d31 is the Piezo Strain Constant. Also, b2 and Lp are the width of the HFB and the

length of the piezoelectric strip, respectively. The final form of the governing equations will

be
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m1z̈1(t) + c1ż1(t) + k1z1(t) + Fmagy = m1a(t)

m2z̈2(t) + c2ż2(t) + k2z2(t) + θv(t)− Fmagy = m2a(t)

v̇(t)− χż2(t) + λv(t) = 0

(3.10)

Experimental Setup

The experimental setup used in this study is shown in Fig. 4.2. The setup consists of the

VR9500 control unit, amplifier, electrodynamic shaker, and energy harvesting structure.

The control unit controls the amplitude and frequency of the base excitation that the shaker

will apply. The amplifier receives the signal from the control unit then it sends it to the

shaker. Once the shaker receives the signal from the amplifier, it starts shaking. The

structure of the beams is installed on the shaker so that it will oscillate under the base

excitation. The frequency response curves of the LFB and HFB beams are measured by

accelerometers attached to the tip of each beam. The accelerometers are connected to the

VR9500 control unit and measure the deflection of the beams, and they are plotted versus

the applied frequency. Also, the voltage is generated by a piezoelectric strip attached to the

HFB. When the beam oscillates, its deflection develops stress and strain on the piezoelectric

strip, so the voltage is generated, then measured and recorded by the controller.
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Figure 3.10. Experimental setup used to test the piezoelectric energy harvester.

Using the geometrical parameters listed in Table. 3.2, the static solution can be extracted.

Figure 3.11 a and b show the static response of the LFB and HFB, respectively, with the

variation of the horizontal distance between the two tip magnets. It is clearly shown that

a critical threshold separation distance of dth = 15mm. This threshold distance divides the

system into two main parts, a monostable region where (d > dth) and a bistable region where

(d < dth). The static experimental measurements were conducted manually using a ruler for

the LFB, and the experimental and simulated static results are in excellent agreement with

each other.
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Table 3.2. Modified physical and geometrical parameters to be used in the model.

Parameters Symbol Value
LFB (length ×width× thickness) L1 × b1 × h1 (26× 10× 1) mm
LFB Young’s modulus E1 2.344 Gpa
LFB Density ρ1 1220 kg/m3

LFB Damping coefficient c1 0.0038 N.s/m
HFB (length ×width× thickness) L2 × b2 × h2 (19× 10× 1.6) mm
HFB Young’s modulus E2 69.0 Gpa
HFB Density ρ2 2700 kg/m3

HFB Damping coefficient c2 0.38 N.s/m
Piezoelectric (length ×width× thickness) Lp × bp × hp (40× 7× 0.02) mm
Piezoelectric Young’s modulus Ep 2450 Mpa
Piezoelectric Density ρp 1780 kg/m3

Resistance R 200 kΩ
Magnets side length Lm 8.0 mm
Magnetic moment q1 = q2 0.5 A2/m
Piezo Strain Constant d31 23× 10−12

Piezoelectric Laminate permittivity ϵ33 3250× 8.854× 10−12

(a) (b)

Figure 3.11. The static response of the LFB and HFB versus the separation distance. (a)
Experimental and Theoretical response of the LFB. (b) Theoretical response of the HFB.
Threshold value, dth, found to be 15mm. The monotstable, threshold, and bistable are
selected for the analysis.
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Dynamic Analysis

Natural frequencies:

To solve for the natural frequencies of the system as a function of the separation distance,

the total deflection of the beams was assumed to be a function of the static and dynamic

deflections as:

z1(t) = u1 + z1s

z2(t) = u2 + z2s

(3.11)

Where u1 and u2 are the dynamic deflections for the LFB and HFB, respectively. Accordingly,

the total vertical deflection will be:

Y = Ys + Yu. (3.12)

Where Ys = z1s + z2s and Yu = u1 + u2. By substituting Eqn.(3.12) in the vertical magnetic

force (Fmagy), Eqn.(3.4), it will be:

Fmagy =
FR(Ys + Yu)

(d2 + (Ys + Yu)2)5/2
(3.13)

Substituting equations (1-12) into Eqn.(3.10), will result the following governing equation:
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m1ü1(t) + c1u̇1(t) + k1(u1 + z1s) + Fmagy = m1a(t)

m2ü2(t) + c2u̇2(t) + k2(u2 + z2s) + θv(t)− Fmagy = m2a(t)

v̇(t)− χu̇2(t) + λv(t) = 0

(3.14)

Where m1, c1, and k1 are the equivalent mass, damping coefficient, and the stiffness of the

LFB, respectively, while m2, c1, and k2 are the equivalent mass, damping coefficient, and the

stiffness of the HFB. To benefit from the static equations (Eqn. (3.5) and (3.5)), and avoid

the complications of the magnetic formula in getting the numerical solution, the magnetic

force, Fmagy, was expanded using Taylor’s series around zero dynamic deflection (Yu = 0).

Accordingly, the magnetic force will be:

Fmagy =
FRYs

(d2 + Y 2
s )

5/2
+

FR(d
2 − 4Y 2

s )

(d2 + Y 2
s )

7/2
Yu = Fmagys + Fmagyu (3.15)

Where Fmagys and Fmagyu represent the static and linearized dynamic magnetic force, respectively,

and Yu is the dynamic deflection. To improve the results, the magnetic force was expanded

up to nine terms using Taylor’s series so the new terms of the dynamic magnetic force will

be:
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Fmagyu =
9∑

i=1

αiY
i
u(t), i = 1, 2, ...9 (3.16)

Where α1, α2, ..., α9 are the coefficients of Taylor’s series expansion of the dynamic magnetic

force, listed in the Appendix. When Eqn. (3.16) is substituted in Eqn. (3.14), the static

terms will cancel each other, therefore the governing equations of the system will be:

m1ü1(t) + c1u̇1(t) + k1u1 + Fmagyu = m1a(t)

m2ü2(t) + c2u̇2(t) + k2u2 + θv(t)− Fmagyu = m2a(t)

v̇(t)− χu̇2(t) + λv(t) = 0

(3.17)

Now, by re-substituting the dynamic magnetic force of Eqn.(3.16) in Eqn.(3.17), and using

Yu = u1 + u2, the nonlinear natural frequencies of the system of the LFB and HFB,

respectively, can be calculated as follows:

f1 =
1

2π

√
k1 + α1

m1

, f2 =
1

2π

√
k2 − α1

m2

. (3.18)

Where the term α1 is the coefficient of the linear term after expansion the magnetic force

with Taylor’s series and given by:
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α1 =
FR(d

2 − 4Y 2
s )

(d2 + Y 2
s )

7/2
(3.19)

Using Eqn.(3.18), the variation of the natural frequencies of the LFB and HFB with the

separation distance between the two magnets is extracted and shown in Fig. 3.12a and 3.12b,

respectively. Also, the experimental variation of the natural frequencies with separation

distance is recorded at 0.1g excitation level and reported for the LFB as shown in Fig. 3.12a.

Both experimental and simulated results are in a great match for the LFB. Both plots show

a threshold separation distance of 15mm, which matches the same value calculated from the

static results shown in Fig. 3.11. Also, Fig. 3.12 shows that at a high separation distance,

the magnetic force becomes weak, and the natural frequencies match the linear values of

both beams. Lowering the separation distance toward the threshold, the natural frequency

of the LFB drops to reach a minimum value of 12Hz. In contrast, the natural frequency

of the HFB reaches its maximum value of 263.2Hz. Decreasing the separation distance

more to reach the bistable range will increase the natural frequency of the LFB to reach

43Hz and decrease the natural frequency of the HFB to reach 261.4Hz. This difference in

the change of the natural frequency between the LFB and HFB is due to the fact that the

contribution of the magnetic force term (α1) in Eqn.(3.19) changes its sign according to the
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value of d which results in lowering or increasing the natural frequency value. It is also noted

that the variation of the natural frequency in the LFB is much more considerable than the

HFB, which is due to the low stiffness material of the LFB (Polymer) compared to the HFB

material (Aluminum).
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(a)

(b)

Figure 3.12. The natural frequency of the LFB and HFB with variable separation distance
at 0.1g. (a) LFB (b) HFB.
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Linear Analysis:

The linear response of the system and the generated voltage can be investigated by eliminating

the effect of the magnetic nonlinearity (Fmagy = 0). Figure. 3.13 summarizes the simulated

and experimental frequency response curves of the LFB, HFB, and the voltage repose curve

at a low excitation level of 0.05g. Figure. 3.13a represents the frequency response curve of

the LFB, theoretical and experimental. From the figure, it is clear that the LFB’s simulated

and experimental natural frequency is at 20.8Hz with 2.75mm for the maximum deflection.

Similarly, Fig. 3.13b shows the simulated and experimental natural frequency of the HFB

is at 263Hz with 5.55 × 10−3mm maximum deflection. Additionally, Fig. 3.13c represents

that voltage response curve that is generated from the piezoelectric layer. The figure shows

that the voltage value peaked approximately at 263Hz with 5.9mV as a maximum generated

voltage for the simulation and experiment. The maximum voltage is expected to be at 263Hz

because the piezoelectric strip is attached to the HFB. When the HFB reaches the resonance,

the maximum deflection will occur, which means applying higher stress and strain to the

piezoelectric strip. Therefore, the highest voltage will be generated at the resonance of the

beam.
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(a)

(b)

(c)

Figure 3.13. Frequency response curves of the LFB and HFB, and voltage response curve
at 0.05g − level. (a) LFB response curve. (b) HFB response curve. (c) Voltage response
curve. 44



Nonlinear Analysis:

The system dynamics have been investigated at the three regimes, monostable, threshold,

and bistable. A separation distance of 35mm and 15mm are selected for the monostable and

threshold regions. For the bistable, values of 8mm and 5mm have been explored. At the three

regimes, the generated voltage has been studied to show the frequency up-converter concept

where the voltage will be generated at the LFB frequency range while the piezoelectric layer

is attached to the HFB, and this is due to the magnetic coupling between both beams. At

the monostable range (35mm), the system is excited at different excitation levels, as shown

in Fig. 3.14d. Even though the piezoelectric strip is attached to the HFB, the voltage signal

is generated at the LFB frequency range, proving the frequency up-converting concept due

to the magnetic coupling. Also, it is noted that higher output voltage is generated at higher

excitation levels. Furthermore, a nonlinear hardening behavior is shown with increasing the

excitation level. Figure. 3.14e shows that the simulated results are in good agreement with

the experimental results at 0.1g and 0.5g excitation levels.
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(d)

(e)

Figure 3.14. The generated voltage of the HFB at d = 35mm at the LFB frequency range
at different excitation levels. (a) Experimental results. (b) Experimental and simulated
results.
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Next, the system’s dynamic behavior in the bistable range has been investigated. Toward

this, the system is excited at different excitation levels for 8mm separation distance, as

represented in Figure. 3.15. A hardening behavior is shown where the natural frequency

is shifted to reach 30Hz compared to 20.8Hz for the linear harvester. This shift is due to

the dominance of the cubic nonlinearity. By increasing the excitation levels, the quadratic

nonlinearity becomes dominant, and a softening behavior shows up, as shown in Figure. 3.15b.

Moreover, the generated voltage in the bistable range significantly increased to reach 52mV

compared to 6mV for the monostable range at the 1.0g excitation level. The simulated

results for selected excitation levels are in a good agreement with the experimental results,

as shown in Figure. 3.15b.

Another separation distance was investigated in the bistable regime, where d = 5mm.

Similarly, the system is excited at different excitation levels, as shown in Figure. 3.16.

At 0.1g, the natural frequency increased to 37.2Hz as shown in Figure. 3.16a, compared

to 20.8Hz for the linear harvester. As reported previously, this increment is due to the

dominance of the cubic nonlinearity at low excitation levels. At this separation distance, the

natural frequency increased more than at d = 8mm for the same excitation level and bistable

range. This can be related to the higher coupling at a lower separation distance between

identical tip magnets of both beams due to higher magnetic force. When the excitation level

goes higher, a softening behavior is noticed, and it is significant compared to the previous
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(a)

(b)

Figure 3.15. The generated voltage of the HFB at d = 8mm at the LFB frequency range at
different excitation levels. (a) Experimental results. (b) Experimental and simulated results.

one at d = 8mm. Also, the amplitude of the generated voltage raised significantly to reach

around 170mV at 1.5g. The match between the experimental and simulated generated

voltage at 0.1g and 0.5g is presented in Fig. 3.16b. The plot shows the agreement between
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the results, which credits the validity of the model and the previous results.

(a)

(b)

Figure 3.16. The generated voltage of the HFB at d = 5mm at the LFB frequency range at
different excitation levels. (a) Experimental results. (b) Experimental and simulated results.
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After that, the threshold region is investigated. Figure. 3.17 shows the experimental and

simulated generated voltage at the threshold regime at dth = 15mm. The system response

of this region was investigated at different excitation levels. At 0.1g, the natural frequency

dropped to 17Hz showing a softening behavior, compared to 20.8Hz for the linear harvester.

Opposite to the bistable, the quadratic nonlinearity dominates at low excitation levels at

the threshold, so the natural frequency decreases, as shown in Fig. 3.17a. Also, it is noted

that by increasing the excitation level, the natural frequency starts to increase after 0.5g, so

a nonlinear hardening behavior starts taking place. This combined softening and hardening

behavior can be related to the dominance change of the quadratic nonlinearity at low

excitation levels to the cubic nonlinearity at higher excitation levels at the threshold regime.

Figure. 3.17b shows the simulated generated voltage at different excitation levels for the same

separation distance. Qualitatively, the simulated results show that at 0.5g, the behavior

starts to change from softening to hardening at higher excitation levels. Also, Fig. 3.12a

shows that the experimental natural frequency at dth = 15mm is approximately 17Hz, while

it is around 12Hz for the simulated natural frequency at the same separation distance at

0.1g. This finding is in agreement with experimental and simulated natural frequency at

0.1g in both figures, Fig. 3.17a and 3.17b. Compared with the monostable region, the

threshold plots show higher generated voltage for both simulation and experiment. At 0.1g,

the experimentally generated voltage recorded 1mV in the monostable, while it reached 2mV
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at the threshold, which is 100% higher. Also, the 0.8g in the experimental results at the

threshold peaked at almost 22mV , which is higher than the 1.5g in the monostable that

maximized at 8mV . This higher generated voltage at the threshold can be related to the

higher coupling generated by decreasing the separation distance.

The effect of the external resistance variation on the maximum output voltage has been

investigated too. Figure. 3.18 shows the change of the maximum output voltage with

changing the external resistance of the system at the bistable range d = 5mm at 0.5g.

The 200kΩ was used in this study so far, and as shown the Fig. 3.18, the maximum output

voltage at this resistance value is approximately 0.16V , and that was reported previously in

Fig. 3.16b. By decreasing the resistance to 100kΩ, the voltage was reduced to roughly 0.09V .

When the resistance started to increase over 200kΩ, the amount of the produced voltage

also increased. At resistance equals 1MΩ, the voltage went up to 0.7V , then approximately

doubled to reach 1.12V at 2MΩ. For the 25MΩ, the produced voltage recorded 2.0V . With

further resistance increase, the voltage does not go up, where the 50MΩ produced 2.0V .

Therefore, the maximum output voltage can be obtained at resistance with 25MΩ.

51



(a)

(b)

Figure 3.17. The generated voltage of the HFB at d = 15mm at the LFB frequency at the
LFB frequency range at different excitation levels. (a) Experimental generated voltage. (b)
Simulated generated voltage.
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Figure 3.18. Maximum output voltage with increasing the resistance to 50MΩ at
separation distance equals to 5mm at 0.5g − level .
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Chapter Four

Self-Powered Orthopedic Load Monitoring Systems

The orthopedic surgeries are considered one of the most common surgical operations worldwide.

Joint replacement surgeries, such as TKR and THR, are one of these common surgeries that

happen because joints wear out from Osteoarthritis. To continuously monitor and increase

the satisfaction level of these implants, TKR and THR, a novel study has been conducted

and presented in this chapter by integrating the triboelectric energy harvester with these

implants to be self-powered mechanisms that work postoperatively for load monitoring and

performance improvement.

TKR Load Monitoring System

Two new configurations of a triboelectric energy harvester for TKR are investigated as they

measure the knee loads under cyclic loading developed using a Dynamic Tester. The first

configuration is a full knee harvester, while the second configuration is composed of two

harvesters installed at the medial and lateral positions in the knee. Both configurations were

54



placed between the Ultra-High-Molecular-Weight Polyethylene (UHMWPE) bearing and the

tibial tray of TKR implants, allowing load sensing to be incorporated into any TKR system.

Because of the significant effect of imbalanced loads on TKR performance, estimating these

loads would improve the implant and provide critical data on stress distribution, its effect

on both the harvester and the bones, and its effect on the interaction between the implant

and the bones. [107]. Hence, comparing the performance of the proposed two configurations

of the triboelectric generator under cyclic loading conditions would be a direct indicator of

their ability to harvest and generate energy and sense load in the knee. The following parts

include discussing the two proposed harvester configurations, followed by a description of

the experimental setup to evaluate their performance. Results from the experimental work

are discussed to draw conclusions and capture indicators for future work.

Triboelectric Generator Assembly

A schematic of the structure of a triboelectric energy harvester is shown in Fig. 4.1. Part

(a) of the Figure shows that the harvester is composed of an upper patterned conductive

aluminum layer, a lower conductive flat aluminum layer, and patterned polydimethylsiloxane

(PDMS) insulator attached to the lower aluminum layer, with matching patterned surfaces

(sawtooth ridges) to the upper layer. Both conductive and PDMS layers have a thickness

of 1.00 mm. The two conductors are attached to 3D printed mold consisting of two parts,
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Fig. 4.1d. The upper part represents the Ultra-High Molecular-Weight Polyethylene (UHMWPE),

and the lower part represents the tibial tray of TKR implants. The mold parts are separated

by mechanical springs at the corners. The upper conductor in each assembly will be attached

to the upper mold part, and the lower conductors will be attached to the lower mold part.

The external load will be applied to the upper mold part and transferred to the triboelectric

harvesters. Part (b) of Fig. 4.1. shows the full knee harvester configuration, which has

an area of 33.9 cm2. Part (c) of Fig. 4.1 shows the combined lateral and medial harvester

configuration where it has the area of 25.8 cm2.

Figure 4.1. (a) Schematic for the structure of the triboelectric energy harvester. (b) Full
knee configuration (c) lateral and medial configuration, (d) 3D printed mold.
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Experimental Setup and Procedure

The experimental setup used in this study is shown in Fig. 4.2. The setup consists of a

control unit, the dynamic tester, and a monitoring oscilloscope. The control unit controls

the amplitude and frequency of the load applied by the dynamic tester to the harvester under

testing. The dynamic tester is used to apply the force profile, enabling the evaluation of the

triboelectric generator’s performance. The applied force is measured with a load cell, while

the generated voltage signal is measured and recorded using the oscilloscope. Experiments

were conducted by subjecting each harvester configuration to a cyclic load using the dynamic

tester. This cyclic load drives the contact and separation action between the harvester’s two

parts, eventually producing AC voltage. During the harvester loading part of the cycle,

the upper Aluminum conductor comes in contact with the PDMS gaining a positive electric

charge while leaving the PDMS with a negative electric charge. These charges are generated

due to the triboelectrification effect stemming from the involved materials having different

tendencies to lose and gain electrons. During the harvester unloading part of the cycle,

the two harvester parts become out of contact due to the mechanical springs’ reactions

causing the electrons to move from one electrode to the other based on potential differences.

Consequently, this causes a current flow. A charge balance occurs at the full separation

between the two harvester parts, causing a current flow to stop. As the cycle of loading

and unloading repeats, the two harvester parts start approaching each other again, causing
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electrons to flow in the reverse direction. Consequently, an alternating current is generated.

Voltage resulting from electrons flow is captured and recorded by the oscilloscope, which has

an internal resistance of 50 kΩ.

Figure 4.2. Experimental setup used to test the triboelectric harvesters.

Results and Discussion

The load transferred to the knee from different activities of daily living can range from

100 N to reach peak values of around 4000 N [108] depending on human body weight. The

dynamic tester used in the reported experiments is limited by the amount of force applied.

Therefore, the generators’ performance is investigated under two different cyclic loads of

11.0 N and 24.0 N and at two different frequencies of 0.60 Hz and 1.20 Hz. Figure. 4.3

shows a sample of the cyclic load profile applied to both prototypes by the dynamic tester at

0.60 Hz. The magnitude of the force in Fig. 4.3 was set to 11.0N as the first trial to test both
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configurations’ performance. The normal walking (gait) frequency is usually approximated

to be at 1.0 Hz, but it differs from one person to the other depending on the human’s age.

Therefore, the effect of the frequency at 0.6 Hz and 1.2 Hz on the generated output was

included in the investigation.

Figure 4.3. Sample of the cyclic load profile applied by the dynamic tester at 0.60 Hz.

Full Knee Configuration

The generated voltage results from testing the full knee harvester at 0.60 Hz and 1.20 Hz

with applied load of 11.0 N are presented in Fig. 4.4a. The generated voltage at 0.60 Hz

peaked at approximately 0.45 V and was almost consistent. However, at 1.20 Hz, the

average voltage peak was 0.80 V with a variation of ±0.05 V . These results indicate that

output voltage is directly proportional to the loading frequency. Moreover, a maximum

corresponding generated voltage is reached when the triboelectric harvester layers start to
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separate and reach the minimum gait load at the full separation between the two layers.

When the triboelectric layers start to contact each other, the generated voltage signal

becomes smaller and drops to reach its minimum absolute value of zero at full contact. At

this moment, the triboelectric and electrostatic charges stabilize. As the two harvester parts

come out of contact, the voltage increases in the opposite direction to reach the maximum

value at full separation. Therefore, we notice that the triboelectric effect works based on the

continuous contact and separation action. The full knee configuration was also tested with

the maximum load of 24.0 N at both frequencies of 0.60 Hz and 1.20 Hz. Figure. 4.4b shows

the generated output voltage with a small increase compared to the output when 11.0 N

was the applied load. Moreover, the voltage peaked at 0.55 V for 0.60 Hz and 0.95 V for

1.20 Hz. We notice an increment in the voltage output by 22.2 % at 0.60 Hz and 18.7 % at

1.20 Hz at 118 % increment in the applied load.

The generator’s performance is investigated at the two different cycle loads of 11.0 N and

24.0 N , and the generated voltage amplitudes are shown in Fig. 4.4. The results demonstrate

the proportionality of the generated voltage with the applied cyclic load. The higher voltage

is generated at a higher applied load. This increase in the voltage output can be correlated

to the higher penetration in the PDMS layer under a higher applied load, which results in

a higher surface contact area. The results were demonstrated in bar plots to show that
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the output voltage rises by increasing the applied load from 11.0 N to 24.0 N , as shown in

Fig. 4.5. This proportionality between the applied force and the voltage outputs is considered

promising for powering load sensors and their telemetry circuitry for TKR applications.

(a) (b)

Figure 4.4. Voltage output of the full knee harvester at 0.60 Hz and 1.20 Hz when loaded
with: (a) 11.0 N , (b) 24.0 N .

(a) (b)

Figure 4.5. Full knee harvester generated voltage amplitude bar plot loaded with 11 N
and 24 N at: (a) 0.60 Hz, (b) 1.20 Hz.
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Figure. 4.6 shows the outcomes of the triboelectric generator when changing the load frequency.

The frequency of the gait cycle axial load exerted by the dynamic tester will be for low

ranges, matching both senior and younger humans’ walking activity. By holding the applied

cyclic force at 11.0 N , the generated voltage signals for two different frequencies of 0.60 and

1.20 Hz are shown in Fig. 4.6a. The results show increasing output voltage with increasing

the cyclic frequency. Also, by increasing the applied cyclic force to 24.0 N , the generated

voltage signals for the two frequencies are shown in Fig. 4.6b, and higher amplitude voltage

is observed. This increment is expected since higher frequency contributes to more contact

and separation within a specific time, which means higher charge accumulation resulting

in higher outputs. In Fig. 4.6, the voltage difference was calculated to be 0.15 V at both

frequencies as shown in Fig. 4.6 a and b. This equality in the voltage difference is expected

because the full knee configuration was tested under the same load and frequency conditions.

(a) (b)

Figure 4.6. Full knee harvester generated voltage amplitude bar plot at 0.6 Hz and 1.2 Hz
frequencies, loaded at: (a) 11 N , (b) 24 N .
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Lateral and Medial Configuration

The second harvester configuration with both lateral and medial parts was tested using the

same loading and frequency conditions. The dynamic load at two different frequencies of

0.60 Hz and 1.20 Hz was applied to the harvester at a maximum of 11.0 N and 24.0 N .

Because this harvester’s configuration included two parts, results for each part were captured

separately. For the lateral part with 11.0 N , the generated voltage at 0.60 Hz was equal to

0.20 V while at 1.20 Hz it was equal to 0.30 V as shown in Fig. 4.7a. Also, Fig. 4.7b shows

the output from the medial position part of the harvester where 0.20 V were produced when

the exerted force was at 0.60 Hz and changing the load frequency to 1.20 Hz caused the

generated voltage to increase to 0.30 V . Both generators’ results are equal because they are

identical. Moreover, both figures show that the generated voltage is directly proportional to

the load’s frequency, similar to the full-knee harvester configuration findings.

(a) (b)

Figure 4.7. Generated voltage at 0.6 Hz and 1.2 Hz at 11 N : (a) Lateral knee harvester
(b) Medial knee harvester.
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Since the accurate measurement of load imbalance can help to determine the wear in

polyethylene, stress distribution in the implant and the implant-bone interface, and the

stress transferred to the underlying bone [107], both lateral and medial harvesters were also

tested with the maximum of 24 N at 0.60 Hz and 1.20 Hz. However, to match the actual

load distribution in the knee under gait load, where the medial position shares more load than

the lateral, the applied load is shifted toward the medial generator to create unbalance in the

load distribution to be more focused on the medial position. Figure. 4.8 shows the output

voltage with unbalanced 24.0 N for both lateral and medial positions. Compared to 11.0 N

loading, it is clear that the voltage increased in the lateral location at 0.60 Hz and 1.20 Hz

from 0.20 V to 0.40 V , and from 0.30 V to 0.50 V , respectively. For the medial position,

the voltage increased remarkably to peak at 0.50 V and 0.80 V with the load of 24.0 N .

This high increase in the medial part is expected because the load shifted to be more at this

position, so a higher output voltage is expected to be produced. Figure. 4.9 shows how a load

imbalance can be measured in the knee. In Fig. 4.9a, at 0.60 Hz and 1.20 Hz of loading with

11.0 N , the harvester at the medial position generates larger output voltages than the one

at the lateral location but with a slight difference. These are identical triboelectric energy

harvesters at both locations. When the load is increased to 24.0 N at either of the two testing

frequencies of 0.60 Hz or 1.20 Hz, as shown in Fig. 4.9b, the difference in the generated

voltage between the two parts increases remarkably. This indicates a load imbalance that
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the surgeon can use to reduce many of the complications after a total knee replacement as

the surgeon can take action to fix problems such as misalignment, instability, and excessive

wear.

(a)

(b)

Figure 4.8. Generated voltage at 0.60 and 1.20 Hz: (a) Lateral knee harvester (b) Medial
knee harvester, at 24.0 N .
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(a)

(b)

Figure 4.9. Lateral and Medial knee harvesters generated voltage amplitude bar plot at
24.0 N applied force: (a) 0.60 Hz, (b) 1.20 Hz.
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Configurations comparison

Both configurations output voltage signals were rectified and compared at 1.20 Hz frequency

and 24.0 N applied load as shown in Fig. 4.10. The Figure is divided into two plots: (a)

Full knee harvester and (b) for the combined lateral and medial harvester. In Fig. 4.10a,

the full harvester rectified generated voltage is accounted for nearly 0.90 V , while the lateral

and medial harvester accounted for approximately 1.35 V as presented in Fig. 4.10b. This

higher result at the lateral and medial together promises more efficient energy harvesting

output by integrating two harvesters at both positions and the benefit of detecting the load

imbalance in the knee.

(a) (b)

Figure 4.10. Rectified generated voltage at 1.2Hz: (a) Lateral and Medial Assembly. (b)
Full knee Assembly.

From all previous results before rectification, it is clearly shown that the full knee generator

showed higher generated voltage at different frequencies compared to both lateral and medial
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positions under the same load. This investigation is related to the higher area of contact since

the full configuration counts an area for 33.9 cm2, while the area for each harvester at the

lateral and medial positions is 12.9 cm2. The rectified voltage for the combination of lateral

and medial harvesters shows a higher output voltage than the full one. This finding would

achieve more benefits in TKR since using harvesters at the lateral and medial positions is

useful for the knee’s load balance. Also, the generated voltage get is increasing by increasing

the frequency. This can be related to the fact that higher frequencies correspond to more

contact (more charges) between layers in a certain amount of time and thus higher power.

THR Load Monitoring System

Similar to the TKR, this section will focus on designing and retrofitting a Triboelectric energy

harvester to THR. Hip implant geometry, manufacturing, and adapting the TEH to the hip

geometry will be discussed as considerations in the design of the mechanical springs that will

maintain the contact separation motion. The femoral head portion of the hip replacement

will be designed to have microgrooves that follow approximately half of the sphere’s diameter.

Finite Element Analysis for the heme-spherical generator is carried out to find the optimal

spring constant required to maintain the TEH’s contact separation motion. The extracted

parameters are implemented in a single-degree-of-freedom system with a piecewise function to
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model the contact and release modes and voltage estimations. The harvester can be adapted

to the implant contour while optimizing energy and information collection transmitted to the

medical person monitoring the implant’s performance. This study will be considered the base

for further investigation of triboelectric energy harvesting applications for load monitoring

in total hip replacement.

Designing and Retrofitting a Triboelectric Energy Harvester to the

THR

To be able to apply TEH designs to the hip replacement, a hip replacement must be modeled.

SolidWorks was used to create all models. The hip replacement was designed within the

ranges of different hip replacement sizes. A preliminary design was created to retrofit a

TEH to the THR. A custom head was designed for total hip replacement. The custom head

was designed to incorporate grooves onto the THR head, as shown in Fig. 4.11.

The triboelectric effect is caused by two materials of opposite tendency to gain or lose

electrons coming in and out of contact. Thus, the surface area is a critical factor in the

amount of energy produced. Creating grooves or ridges in mating surfaces increases the area

of the surfaces in contact and consequently increases energy production [109–111]. Applying

the same concept can maximize the energy generated from the triboelectric energy harvester
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in the hip implant, even without increasing the object’s overall size. However, this can cause

difficulty in manufacturing, especially during the prototype phases. The current design

utilizes 300 µm tall grooves to increase surface area. However, the groove depth does not

have to be this large during final production, so the groove size can be reduced to a much

lower height to increase the contact area at the later production stage. Figure. 4.11, middle,

shows various dimensions associated with the custom-designed femoral head. The spherical

femoral head was designed with an outer diameter of 36 mm with the grooves extended only

partly around the femoral head replacement due to the nature of the hip joint. The hip

joint has a limited rotation angle; therefore, grooves extending 360 degrees are unnecessary.

The grooves are rotated about the center axis with 20 degrees clockwise and 200 degrees

counterclockwise, yielding a total usable TEH rotation of 220 degrees. The left side of

Figure 4.11 demonstrates important overall dimensions of the femoral head.

Figure 4.11. Custom designed femoral head attachment with grooves.

The THR retrofitted triboelectric energy harvester will resemble the 2D schematic flat
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surface shown in the left part of Figure 4.12. The TEH consists of two titanium layers and

Polydimethylsiloxane (PDMS) insulator. These two materials have demonstrated successfully

utilized in previous studies of applying a TEH to the total knee replacement (TKR), [92,

112,113]. Titanium is used because of its superior interaction with biological environments,

such as within the human body. The femoral head will act as the titanium layer, while

the acetabular cup will serve as the opposite titanium layer. The acetabular cup is the

socket that receives the femoral head. The cut-off parts in the hip implant generator point

to the corresponding layers compared to a flat model shown in the middle schematic in

Figure 4.12. The complete implanted generator attached to the pelvis is shown on the right

side of Figure 4.12.

To further simplify the generator, a modified femoral head (femoral cup) was created as

shown on the left side of Figure 4.13. This modified design will allow the FEA process for

the mechanical springs discussed in the next section. Moreover, the right side of Figure 4.13

demonstrates the orientation of the mating grooves when all three pieces are placed together

to create the whole TEH. The gap between the PDMS grooves and the femoral head grooves

is considered to be 100 µm. The total PDMS height is 500 µm with 300 µm for the ridge

height and 200 µm for the base height.
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Figure 4.12. TEH layers and comparison to a flat model.

Figure 4.13. Modified Femoral Cup Design.
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Springs Design Using Finite Element Analysis of the TEH

Since triboelectric energy harvesters rely on materials properties and geometry that will be

coming in and out of contact, the current design shown in Figure 4.13 will only work if

the materials come out of contact after experiencing force to come in contact. Therefore,

Titanium cantilever springs will be used to return the femoral cup to its original, uncompressed

position. Different concepts can be suggested for this mechanism. The first concept is based

on a cantilever spring design idea as shown in Figure 4.14. This concept consists of 16

pins uniformly distributed on the generator edge, holding the edges together at a relatively

constant location. Each pin is attached to both outer and inner femoral cups and acts as

a mechanical spring that will return the two femoral cups to their original relative location

after getting displaced by force. In other words, the pins maintain the contact and separation

motion in the TEH.

Figure 4.14. Triboelectric Energy Harvester with Cantilever Springs and their dimensions.
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An initial investigation for the displacement for the design shown in Figure 4.14 was performed

by FEA with the applied load of 2500 N , and the load is assumed to be distributed equally

by all the nodes associated with the generator. The lower electrode is considered fixed, and

the load is applied in the vertical direction. The material utilized in this analysis consists

of a linear elastic, isotropic material. Model loading consists of the applied mechanical load,

modeled as the load control and the displacement control. The outer sides of the springs

are attached to the outer femoral cup and are ideally assumed to have zero displacements.

On the other hand, the inner side of the springs attached to the inner femoral cup will move

under the applied load for contact and separation. Figure 4.15 shows that the maximum

linear displacement with the magnitude of (241 µm) at 2500 N applied load will contact

partially with the PDMS the surface area of contact is small. Therefore the expected output

voltage will be small. However, the manufacturing and repair are still a challenge for this

design since cantilever springs mounted on the top of the cups need to be either welded or

attached with micro-screws to secure the fit. Moreover, the pins have rounded edges that

require specific machines with high precision, leading to a high manufacturing cost due to

the required accuracy.
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Figure 4.15. Von Mises and Displacement FEA results for the Triboelectric Energy
Harvester Cantilever Springs.

However, to tackle the previous design challenges, a new optimized design with new geometry

is proposed, as shown in Figure 4.16. The new pins’ geometry has better functionality

since those pins penetrate the whole layers of the assembly, the femoral head, PDMS, and

acetabular cup, as shown in the middle of Figure 4.16. Besides, the number of pins has

been reduced to increase the linear displacement that would be achieved for full engagement

between the femoral head and PDMS for a higher area of contact translated into a higher

voltage. In the middle of Figure 4.16, the femoral cup, acetabular cup, and PDMS layer were

made transparent to recognize the location and penetration of the pins better. The new pin

design incorporates only four titanium pins spaced 90 degrees apart. The pins’ dimensions

were obtained through FEA analysis using a SolidWorks static simulation model, which
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was performed to demonstrate the viability of the Titanium mechanical pin springs and

their properties. A static simulation model is used when objects at rest experience forces.

However, to carry out the new design’s FEA, the acetabular cup was assumed to be fixed

and will not have to be displaced by any affecting force. Moreover, the applied force on

the femoral cup is assumed to be uniformly distributed over the surface and applied in the

vertical direction in a quasi-static process. The dimensions of the new design pins are shown

in the right of Figure 4.16. The new design was tested at a quasi-statically applied load that

gradually increased while monitoring the linear displacement of the springs to determine the

load associated with the maximum allowable linear displacement of 600 µm.

Figure 4.16. Updated cantilever spring design with the new dimensions.

The new design was tested by FEA under a range of loads to get the optimum applied

load corresponding to the maximum allowable linear displacement, which is 600 µm, and

to get the new springs’ stiffness to serve properly under the loading conditions. Figure 4.17
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shows the simulated linear displacement of the springs under a range of forces. From the

Figure, the femoral head will come in contact with the PDMS layer under an applied load

between 300 − 350 N. This is a viable relationship because the hip joint under little load

shows forces of approximately 500 N [97]. According to the data shown in Figure 4.17, the

load corresponding to the maximum possible linear displacement of 600 µm was found to be

1850 N , which is much less than 2500 N but still maintains the required contact-separation

motion. Accordingly, a superior representation of the pins’ material properties is represented

by calculating the spring constant (k) associated with the cantilever spring pins. Hooke’s law

can be used to calculate the spring constant of a cantilever with a rectangular cross-section

(k = F/x), where F is the force applied in Newtons, and x is the displacement in one axis

which is, in this case, the y-axis. According to Hooke’s law, the spring constant represents

the slope of the line shown in Figure 4.17, which is equal to 3072 N/mm. This value is

considered the desired material stiffness used for the pins in triboelectric energy harvester

design.

Figure 4.18 shows the simulated surface area of contact between the upper femoral cup

(upper electrode) and the PDMS layer under an applied force. No contact occurs when the

applied force between the upper electrode and the PDMS layer is below 309 N . When the

applied force value goes above 309 N and up to 1230 N , the surface area of contact act
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linearly. Beyond the 1230 N , the contact surface area reaches a maximum possible value of

82 ∗ 10−6 m2, even at higher applied loads.

Figure 4.17. Displacement of the femoral cup resulting from applying force resisted by
the pin springs.

Figure 4.18. Surface area of contact vs. applied force.
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Mathematical Model

The FEA results were implemented in a single-degree-of-freedom system with a piecewise

function to model the contact and release modes and estimate produced voltage. According

to Figure 4.17, the upper femoral cup will start to displace at a minimum force of 100 N and

reach the maximum displacement of 0.6 mm at 1850 N . Accordingly, the displacement of

the springs will increase proportionally to the increased applied force. As a result, the upper

femoral cup will undergo a half-sine wave which can be represented mathematically by the

following piecewise form:

y(t) =


Y0Sin(2πΩt), y(t) ≤ 0

0, y(t) > 0

(4.1)

Where Ω is the frequency of motion considered 1 Hz matching regular human walking motion.

Y0 is the amplitude of the displacement, which is a function of the applied force (F ) as shown

in Figure 4.17. Mathematically, it is given by the following equation:

Y0 = 3.26 ∗ 10−10 ∗ F (4.2)

In a similar way and according to the result obtained in Figure 4.18, the surface area of

contact between the upper electrode and the PDMS layer can also be calculated as a function

of the applied force and can be modeled using a piecewise function in the following form:
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S(F ) =


0, 0 ≤ F < 309.4

82 ∗ 10−6 ∗
(
F−293.26
940.46

)
, 309.4 ≤ F < 1230.06

82 ∗ 10−6, F ≥ 1230.06

(4.3)

The mechanical springs will hold the upper femoral cup, which acts as an upper electrode.

The upper electrode will be displaced toward the PDMS layer when the system undergoes a

vertical load. When the applied load is removed, the springs return the upper electrode to its

original position. When the applied load becomes cyclic, a contact and separation motion

between the two layers will be created, and a charge electrification generation will occur.

The upper and lower electrodes of the THR triboelectric generator are simplified to act as

a parallel plate capacitor. As a result, two electrical fields are generated, one at the PDMS

layer and one at the air gap between the two electrodes. According to this, the electrical

equation that governs the output voltage is given by:

q̇(t) = − q(t)

Rϵ0Smax

(
T

ϵr
− y(t)

)
+

σS(F )

Rϵ0Smax

y(t) (4.4)

Where q(t) is the number of transferred charges between the two electrodes, Smax is the
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maximum area of contact extracted from the FEA results and equal to 82 ∗ 10−6 m2. R

is the resistance, and T is the thickness of the PDMS layer. ϵ0 = 8.85 ∗ 10−12 F/m is the

vacuum permittivity, ϵr is the dielectric constant of the PDMS, and σ is the surface charge

density.

The surface charge density is a function of multiple factors, such as the materials’ chemical

properties and the micro-surface patterns that control the area of contact [114]. Therefore,

to counter this variability in the model, the surface charge density is assumed to be a function

of the ratio between the surface area at any force and the maximum area of contact shown

by equation 5, which is proportional to the force applied.

σ(F ) = 80 ∗ 10−6

(
S(F )

Smax

)
(4.5)

Table 4.1. Parameters used in the model.

Parameters Value
Forcing Frequency Ω 1 Hz
PDMS Thickness T 500 µm
Permeability of free space ϵ0 8.85 ∗ 10−12 F/m
Permeability of PDMS ϵr 3.4 F/m
Resistance R 10 MΩ

The voltage produced by the generator is the total voltage produced in the air gap and the
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PDMS layer. By solving equations 1-5 using the parameters on Table. 4.1, we can estimate

the voltage signal produced at any applied force. Figure 4.19a shows the displacement profile

resulting from applying 1000 N cyclic loads. The maximum displacement reached is around

0.3 mm, which matches the results from Figure 4.17. The corresponding generated voltage

signal is shown in Figure 4.19b, where the maximum output voltage of 10 V is generated.

(a) (b)

Figure 4.19. Simulated results of an applied load of 1000 N: (a) Displacement vs. time
response, (b) Simulated voltage output from the THR triboelectric generator.

Increasing the applied load amplitude to 1500 N results in a higher displacement amplitude of

0.48 mm, as shown in Figure 4.20a. This increment in the applied load results in a significant

increase in the generated voltage signal shown in Figure 4.20b, where the maximum output

voltage reaches 15 V.
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(a) (b)

Figure 4.20. Simulated results at an applied load of 1500 N: (a) Displacement vs. time
response, (b) Simulated voltage output from the THR triboelectric generator.
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Chapter Five

Conclusion and Summary

In summary, a vibration-based piezoelectric energy harvester using a mechanical frequency

up-conversion method for low-frequency vibrations is presented. The proposed structure

consists of a low-frequency beam (LFB) made of soft polymer for low natural frequency and

a high-frequency bimorph beam (HFB) made of Aluminum with piezoelectric layers for high

natural frequency, and both have identical tip magnets facing each other with the same

polarity, as proposed in the first modeling and simulation analysis. Two Degree of Freedom

(2DOF) lumped parameter model to study the static and dynamic behavior of the system has

been developed. The frequency up-converter converts low-frequency vibrations to a higher

frequency, which is the resonance frequency of the LFB. The static analysis for the harvester

revealed a 15 mm threshold distance that divided the harvester response into monostable

(d > dth) and bistable (d < dth) regimes based on the distance between two magnets.

Under no magnetic effect, natural frequencies of 24 Hz and 256 Hz are reported for LFB

and HFB, respectively. Under the light magnetic influence, a generated voltage waveform
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presented at 24 Hz, proving the frequency up-conversion. Increasing the magnetic coupling

by lowering the distance between the two magnets to the threshold and bistable regions

results in shifting the frequency to 18.5 Hz and 41 Hz, respectively. Besides, increasing the

excitation level revealed nonlinear phenomena of hardening and softening behaviors at the

threshold and the bistable regions, respectively. Also, at 1.5 g excitation level, the voltage

generated at the bistable region increment 500 % and 192% compared to the monostable

and the threshold regions. This shows the feasibility of the proposed frequency up-converter

in powerless microsystem applications operating at low-frequency vibration mediums.

In the frequency up-converter experimental validation, the HFB has been changed to be

a unimorph HFB, which means only a single piezoelectric layer is attached to the beam.

Also, the physical dimensions of the LFB and HFB have been changed. The investigation

started with the static analysis that resulted in a 15mm separation distance as a critical

distance that divides the system into monostable and bistable regions, where at d > dth

is the monostable region and at d < dth is the bistable region. The linear response of the

system where the effect of the magnetic nonlinearity is eliminated (Fmagy = 0) is elevated

that the natural frequency of the LFB is 21Hz and 263Hz for the HFB. At the monostable

region (d = 35mm), a nonlinear hardening behavior was captured with increasing the

excitation level. Also, a voltage signal is generated with the magnitude of 1mV at 21Hz,
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which is the natural frequency of the LFB, and this proves the frequency up-conversion

concept. At the threshold (d = 15mm), a softening behavior showed up when the natural

frequency dropped to 17Hz at 0.1g excitation level compared to the linear natural frequency

that equals 20.8Hz. This shift is due to the dominance of the quadratic nonlinearity at

low excitation levels at this distance. Increasing the excitation level at the same distance

resulted in a combination of nonlinear softening and hardening behavior where the system

switched its behavior from softening to hardening after 0.5g excitation level. This behavior

switches because the quadratic nonlinearity becomes dominant at higher excitation levels.

By decreasing the separation distance to reach the bistable region at d = 8mm, where the

magnetic force is stronger, the generated voltage peaked at 30Hz, and this shift of the

natural frequency indicates a hardening behavior compared to the linear natural frequency

of 20.8Hz at 0.1g excitation level. The natural frequency increases due to the dominance

of the cubic nonlinearity, while the quadratic nonlinearity dominates at higher excitation

levels, so a softening behavior occurs. By decreasing the separation distance to d = 5mm,

the natural frequency increased to 37.2Hz, which is a hardening behavior. The softening

behavior is noticed at higher excitation levels, duo to the cubic and quadratic nonlinearity

dominance, respectively. For the bistable at 0.1g excitation level, the generated voltage

increased by 1000% by recording 10mV in the bistable at d = 8mm and 4000% at d = 5mm

compared to 1mV in the monostable at the same excitation level. In addition, a 25MΩ
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external resistance was found to be the maximum value where the generated voltage in the

system maximized at approximately 2V .

Triboelectric energy harvesters for TKR load sensing applications have been investigated.

Two different configurations were tested under cycling load using a dynamic tester. It has

been found that the generated voltage increases with increasing the frequency for both

configurations. Moreover, using a full knee harvester would produce more voltage than both

harvesters at lateral and medial positions since the results show that the output voltage is

proportional to the contact area. For the lateral and medial configuration, it was found

that when the load is applied to the center position, the medial position has almost the

same generated voltage compared to the lateral position. While applying the load with

some shifting toward the medial location, to create an imbalance situation, the generator at

the medial location shows higher amplitude than the lateral generator, which indicates the

imbalance detection possibility. This result promises to use these harvesters to measure

the knee load distribution after TKR, allowing implant imbalance detection to prevent

postoperative problems such as implant wear and function loosening. Furthermore, the

results showed that the rectified output voltage for combined lateral and medial harvesters

produces more output voltage than the full configurations. This is an additive value to the

load imbalance measurement for both lateral and medial. The triboelectric transduction
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mechanism is a promising concept with the potential to provide long-term feedback in

implanted TKR.

In addition, a novel design of Triboelectric Energy Harvester (TEH) for retrofitting into

a THR implant was proposed upgrading THRs to a smart implant. The proposed design

incorporates grooves onto the THR femoral head to maximize energy production without

any significant femoral head size change. Design iterations of a mechanism to maintain the

contact-separation motion of the TEH were carried out using FEA. The mechanism consisted

of strategically distributed solid pin springs. The walking profile was simulated by a half-sine

wave function applied to the proposed design to extract the spring stiffness and the relation

between the TEH and the applied force’s displacement. This relation was extended to a

single-degree-of-freedom model of the TEH parts displacement and surface area of contact

as functions of the load transferred to the hip implant. The model was augmented by

implementing results from the FEA and utilizing piecewise functions to estimate produced

voltage as a function of the contact and release modes. The model shows a proportional

relationship between the produced voltage and the applied load. This analysis is considered

a feasibility study for new research in load monitoring for total hip replacement.
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Appendix A: Coefficients of Magnetic Force

α1 =
FR(d

2 − 4Y 2
s )

(d2 + Y 2
s )

7/2

α2 =
5FRYs(−3d2 + 4Y 2

s )

2(d2 + Y 2
s )

9/2

α3 =
5FR(d

4 − 12d2Y 2
s + 8Y 4

s )

2(d2 + Y 2
s )

11/2

α4 =
35FRYs(5d

4 − 20d2Y 2
s + 8Y 4

s )

8(d2 + Y 2
s )

13/2

α5 =
7FR(5d

6 − 120d4Y 2
s + 240d2Y 4

s − 64Y 6
s )

8(d2 + Y 2
s )

15/2

α6 =
21FRYS(−35d6 + 280d4Y 2

s − 336d2Y 4
s + 64Y 6

s )

16(d2 + Y 2
s )

17/2

α7 =
15FR(7d

8 − 280d6Y 2
s + 1120d4Y 4

s − 896d2Y 6
s + 128Y 8

s )

16(d2 + Y 2
s )

19/2

α8 =
165FRYs(63d

8 − 840d6Y 2
s + 2016d4Y 4

s − 1152d2Y 6
s + 128Y 8

s )

128(d2 + Y 2
s )

21/2

α9 =
55FR(−21d10 + 1260d8Y 2

s − 8400d6Y 4
s + 13440d4Y 6

s − 5760d2Y 8
s + 512Y 10

s )

128(d2 + Y 2
s )

23/2

(1)

111


	EFFICIENT ENERGY HARVESTING WITH APPLICATIONS IN VIBRATION AND IMPLANTABLE BIOSENSORS
	Recommended Citation

	Microsoft Word - Mohammad_Atmeh_Approval

