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ABSTRACT

Technological advances in low power wearable electronics and energy optimization tech-

niques make motion energy harvesting a viable energy source. However, it has not been

widely adopted due to bulky energy harvester designs that are uncomfortable to wear. This

work addresses this problem by analyzing the feasibility of powering low wearable power

devices using piezoelectric energy generated at the human knee. We start with a novel

mathematical model for estimating the power generated from human knee joint movements.

This thesis’s major contribution is to analyze the feasibility of human motion energy har-

vesting and validating this analytical model using a commercially available piezoelectric

module. To this end, we implemented an experimental setup that replicates a human knee.

Then, we performed experiments at different excitation frequencies and amplitudes with

two commercially available Macro Fiber Composite (MFC) modules. These experimental

results are used to validate the analytical model and predict the energy harvested as a func-

tion of the number of steps taken in a day. The model estimates that 13µW can be generated

on an average while walking with a 4.8% modeling error. The obtained results show that

piezoelectricity is indeed a viable approach for powering low-power wearable devices.

i



Dedicated to my family

ii



ACKNOWLEDGMENTS

This thesis represents a step towards the goal of developing a Human Motion Energy

Harvesting System for the battery-free operation of low-power wearable devices which will

be helpful towards a wide range of applications for the betterment of humanity. There have

been several people who have directly or indirectly contributed to this work.

My deepest gratitude goes to my advisor, Dr. Umit Ogras, for the patience, advice and

guidance he offered me throughout the last year. This thesis would not be possible without

his support. I would also like to thank Dr. Deliang Fan and Dr. Georgios C. Trichopoulos

for taking the time out from their busy schedule to be part of my thesis defense committee.

I would also like to extend my deep gratitude to Yigit Tuncel for his immense help with

the construction of this work. I would like to thank Shambhavi Vikram Kulshrestha for

her support and immense help in performing experiments. I would like to thank Audrey

Mendez for her timely help with creating a new experimental setup. I thank Ganapati Bhat,

Sizhe An, Gokul Krishna, Toygun Basaklar and Shruti Yadav, Sumit Mandal, and Anish N.

K for their feedback with my work.

My parents Dr. G G Bandyopadhyay and Mrs. Archana Bandyopadhyay, my sister

Ankusha, and girlfriend Preeti deserve utmost gratitude for this work. Their love, endless

support and understanding from thousands of miles away have been my source of inspira-

tion.

My Master’s term at Arizona State University provided an environment that made my

studies engaging, enjoyable, profitable and productive. I would like to thank all who were

involved. I thank Dr. Chaitali Chakrabarti and Dr. Sule Ozev for providing financial

support and giving me the opportunity to be a Teaching Assistant in their course on Digital

Systems and Circuits. I want to especially thank Dr. Umit Ogras for letting me be a part of

his wonderful team and supporting me throughout my research in every way.

iii



TABLE OF CONTENTS

Page

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

CHAPTER

1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Limitations in Current Technologies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Overview of the Proposed Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Key Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 Thesis Organization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 RELATED WORK . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3 MODELLING AND ANALYSIS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.1 Modeling of Piezoelectric Energy Harvesting from Joint Movement . . . . 13

3.1.1 Mechanical Joint Bending Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.1.2 Piezoelectricity Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

4 EXPERIMENTS & EVALUATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.1 Initial Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.2 Experimental Setup Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

4.2.1 Test and Debug of the Experimental Setup . . . . . . . . . . . . . . . . . . . . 25

4.3 Experimental Methods and Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

4.4 Validation Under Controlled Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.4.1 Output Voltage Comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4.4.2 Output Power Comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.5 Applications to Real Life Scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.6 Energy Harvested in a System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

5 CONCLUSION AND FUTURE WORK . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

iv



CHAPTER Page

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

APPENDIX

A EXPERIMENTAL SETUP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

A.1 CAD Model of Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

A.2 Programming OpenCM 9.04 and Dynamixel AX-12A . . . . . . . . . . . . . . . . 45

A.3 Verification with ADS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

B EXPERIMENTAL DATA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

v



LIST OF TABLES

Table Page

2.1 A Compilation of Recent Related Work in Wearable Piezoelectric Energy

Harvesting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.1 Summary of Symbols Used in this Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

4.1 Geometrical and Physical Parameters of the MFC Elements Used in exper-

imental Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

vi



LIST OF FIGURES

Figure Page

1.1 Overview of Model and Experimental Validation of Piezoelectrictric En-

ergy Harvesting from Human Joint Bending . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Macro Fiber Composite (MFC Patch), MFC8528P2 [56] . . . . . . . . . . . . . . . . . 4

1.3 Overview of the Proposed Modeling Approach. . . . . . . . . . . . . . . . . . . . . . . . . . . 5

3.1 Bending Model of a Piezoelectric Patch Placed on the Human Knee. . . . . . . . 15

4.1 Test Setup Used for Initial Study of Piezoelectric Patches . . . . . . . . . . . . . . . . . 20

4.2 Example Output From the Test Setup Used for Initial Study of Piezoelectric

Patches. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

4.3 Mechanical Human Knee Joint a) Design in SolidWorks, b) 3D Printed . . . . 24

4.4 Macro Fiber Composite (MFC) Patchs, MFC8528P2 and MFC8514 . . . . . . . 26

4.5 Voltage Output of MFC8528P2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.6 PRMS for MFC8528P2 a) 1 Hz b) 0.5 Hz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.7 PRMS for MFC8514P2 a) 1 Hz b) 0.5 Hz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.8 Energy Generated During Walking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.9 Experimental Setup With EH300A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.10 Voltage Curve Showing Energy Harvested in a 100 µf Storage Capacitor . . . 35

A.1 CAD Model of the New Experimental Setup Which Replicates Human Knee. 45

A.2 Output of ADS for a 90◦ Bending Angle, 1 Hz Excitation Frequency. . . . . . . 46

A.3 Output of ADS for a 90◦ Bending Angle, 0.5 Hz Excitation Frequency. . . . . 47

A.4 Output of ADS for a 60◦ Bending Angle, 1 Hz Excitation Frequency. . . . . . . 48

A.5 Output of ADS for a 60◦ Bending Angle, 0.5 Hz Excitation Frequency. . . . . 49

B.1 Power Plot of MFC8514P2. Input: 90◦ Bending Angle, 1 Hz . . . . . . . . . . . . . . 51

B.2 Output of MFC8514P2. Input: 90◦ Bending Angle, 1 Hz . . . . . . . . . . . . . . . . . 52

B.3 Power Plot of MFC8514P2. Input: 60◦ Bending Angle, 1 Hz . . . . . . . . . . . . . . 53

vii



Figure Page

B.4 Output of MFC8514P2. Input: 60◦ Bending Angle, 1 Hz . . . . . . . . . . . . . . . . . 54

B.5 Power Plot of MFC8514P2. Input: 90◦ Bending Angle, 0.5 Hz . . . . . . . . . . . . 55

B.6 Output of MFC8514P2. Input: 90◦ Bending Angle, 0.5 Hz . . . . . . . . . . . . . . . . 56

B.7 Power Plot of MFC8514P2. Input: 60◦ Bending Angle, 0.5 Hz . . . . . . . . . . . . 57

B.8 Output of MFC8514P2. Input: 60◦ Bending Angle, 0.5 Hz . . . . . . . . . . . . . . . . 58

B.9 Power Plot of MFC8528P2. Input: 90◦ Bending Angle, 1 Hz . . . . . . . . . . . . . . 59

B.10 Output of MFC8528P2. Input: 90◦ Bending Angle, 1 Hz . . . . . . . . . . . . . . . . . 60

B.11 Power Plot of MFC8528P2. Input: 60◦ Bending Angle, 1 Hz . . . . . . . . . . . . . . 61

B.12 Output of MFC8528P2. Input: 60◦ Bending Angle, 1 Hz . . . . . . . . . . . . . . . . . 62

B.13 Power Plot of MFC8528P2. Input: 90◦ Bending Angle, 0.5 Hz . . . . . . . . . . . . 63

B.14 Output of MFC8528P2. Input: 90◦ Bending Angle, 0.5 Hz . . . . . . . . . . . . . . . . 64

B.15 Power Plot of MFC8528P2. Input: 60◦ Bending Angle, 0.5 Hz . . . . . . . . . . . . 65

B.16 Output of MFC8528P2. Input: 60◦ Bending Angle, 0.5 Hz . . . . . . . . . . . . . . . . 66

viii



Chapter 1

INTRODUCTION

Recent advances in low-power electronics, energy management techniques, and tech-

nology node scaling have enabled transformational changes in various domains. One such

field that has significantly benefited from these advances is wearable electronics and appli-

cations [34, 7, 30]. However, the limited battery capacity of such wearable devices has hin-

dered their widespread adoption. This challenge has motivated research to enable wearable

energy harvesting as an alternative energy source. With energy harvesting, the device can

generate usable electrical energy from various sources in the user’s environment [44, 52].

Energy harvesting is the collection of energy present in the environment. The most

common energy sources for wearable energy harvesting are light, motion, electromagnetic

waves, and heat [57, 46, 42, 37]. Motion energy is particularly interesting as it has usable

harvesting potential [21] and is available on demand. For example, studies show that close

to 1W can be harvested from human knee while walking. Moreover, this energy is available

when required by wearable activity monitoring applications. Therefore, motion energy

harvesting is an ideal energy source in such wearable applications.

Motion energy harvesting solutions commonly use piezoelectric materials to transform

mechanical energy to electrical potential difference [55]. The piezoelectric effect gener-

ates electric charge on two opposite sides of a piezoelectric crystal when it is subjected to

1
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Figure 1.1: Overview of model and experimental validation of piezoelectrictric energy harvesting

from human joint bending [58]

mechanical stress. Consequently, the accumulation of charge creates an electrical potential

difference. This electric charge is harvested and stored for later use.

1.1 Limitations in Current Technologies

Energy harvesting from vibration sources typically uses piezoelectric energy harvest-

ing, as shown in the literature [60, 39, 59]. These vibrations often have high frequencies

in the order or 100 or 1000 Hz, which is much higher than those of human gait move-

ments during walking and running. However, piezoelectric materials generate maximum

power at mechanical resonant frequencies, which are similar to these vibrations. Further-

more, these materials have historically been inflexible and brittle [39]. Such issues limited

the use of piezoelectric materials in wearable applications. Studies in wearable piezoelec-

tric energy harvesting (PEH) literature address these challenges by employing frequency

up/down-conversion techniques through intricate mechanical designs [47] to match the fre-

quency of the mechanical forces from human motion to the resonant frequency of the used

piezoelectric beam.
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However, these intricate mechanical designs are typically placed in an external frame

worn by the user, making such designs bulky and inflexible, thus preventing these ap-

proaches from being truly wearable.

In summary, the prior approaches are not suitable for wearable applications due to two

main reasons.

• Their inflexibility, size and weight limits their use in wearable applications.

• Their resonant frequencies are in the order of 100 or 1000s of Hz, which is orders of

magnitudes larger than that of human motion.

Flexible piezoelectric materials, such as polyvinylidene fluoride (PVDF) resolved the

fallacies due to bulkiness and inflexibility and enabled the placement of piezoelectric ma-

terials directly on the joints [48]. For example, knees, elbows, and ankles are potentially

apt places for placing these materials as depicted in Fig. 1.1 because they undergo consid-

erable bending and hence produce significant bending on a coupled piezoelectric energy

harvester. So, there is a strong need for the piezoelectric energy harvester to be flexible and

harvest energy at low-frequency and large-bending motions. While this approach removes

the wearability and flexibility concerns, it increases the risk of insufficient energy output.

1.2 Overview of the Proposed Approach

We consider a flexible piezoelectric patch directly placed on one of the joints, such

as those shown in Fig. 1.1. The proposed approach consists of three major components,

as illustrated in Fig. 1.3: 1) Modeling the physical displacement during large-bending

conditions. 2) Converting the physical movement to electrical voltage. This approach

is published in ACM/IEEE International Symposium on Low Power Electronics and De-

sign (ISLPED), 2020 [58]. 3) Experimental validation and parameter identification for the

proposed model.
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1. The joint bending model relates the joint bending angle to strain induced in the piezo-

electric patch. It calculates horizontal and vertical displacements and the curvature of the

piezoelectric patch for a given joint movement. Then, using these, it calculates the strain in

the piezoelectric patch, as explained in section 3.1.1. This sub-model addresses the strain

calculation in a large-bending scenario introduced by large joint rotations.

2. The piezoelectricity model expresses the generated voltage according to the induced

strain in the piezoelectric material. Firstly, it calculates the accumulated charge in the

material and then, The time derivative of charge yields the current passing through the

piezoelectric patch. Finally, the current through the load resistance determines the voltage

across this load and generated power, as explained in section 3.1.2.

3. Experimental validation is crucial to demonstrate the practical use of the proposed

model and identify the values of model parameters with significant uncertainty. In this part

of the study, we consider a piezoelectric patch directly placed on the front of the human

knee, since this position has the most abundant energy harvesting potential [21]. Obtaining

reliable measurements from the human knee is challenging due to errors caused by the

knee’s nonuniform surface and human errors. Also, repeatability of the results with real

subjects is another challenge, due to the fact that the amplitude and frequency of human

motion are uncontrollable.

Figure 1.2: Macro Fiber Composite (MFC Patch), MFC8528P2 [56]

4



To obtain reliable and repeatable measurements and overcome these challenges, we

removed the human factor by designing a 3D printed mechanical bending frame. This

mechanical frame is used to record the generated voltages from two Macro Fiber Compos-

ite (MFC) piezoelectric patches with different dimensions under sinusoidal actuation with

different motion frequencies and amplitudes.

Finally, the model is further optimized to minimize the error between experimental

and modeling results by tuning critical parameters in the model, as illustrated in Fig. 1.1.

Experimental evaluation and real-life application scenarios are presented in Section 4.3.

Figure 1.3: Overview of the proposed modeling approach.u: Horizontal Displacement. κ: Curva-

ture. D1: Electric Displacement. R: Load resistance.

1.3 Key Contributions

The contributions of this work are as follows. First, we describe the mathematical

model for the energy harvesting output of a piezoelectric patch directly placed on a human

knee joint [58]. Then, we describe an experimental setup that imitates a human knee joint

and provides an extensive experimental evaluation that validates the model and demon-

strates the energy harvesting potential of wearable piezoelectric energy harvesting.

Using the mathematical model, we show that wearable piezoelectric energy harvesting

potential from the knee joint is sufficient to sustain low-power applications. According to

our results, users can generate, on average, 13 µW power while walking. Our evaluations

also show that the monthly energy capacity of a person taking 7500 steps/day is equivalent

to a 0.34 mAh battery rated at 1.2V.
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In short, the major contributions of this work are as follows:

• A novel experimental setup for human motion energy harvesting using piezoelectric

patches mounted on a joint.

• An experimental data set using the novel experimental setup.

• An experimental evaluation that validates a mathematical model that demonstrates

the potential of wearable piezoelectric energy harvesting.

A condensed version of this work is presented in ACM/IEEE in ISLPED, 2020 [58]

and the ISLPED Design Contest.

1.4 Thesis Organization

The rest of this thesis is organized as follows. Chapter 2, discusses the related work

on different energy harvesting methods, with a primary focus on energy harvesting from

human motion. Chapter 3, starts with a discussion of the theory behind the piezoelectric

effect and then proceeds with a large bending mathematical model for a flexible piezoelec-

tric energy harvester mounted on a human knee. Chapter 4, shows the feasibility of using

a piezoelectric energy harvester mounted on a human knee with the initial experiments

performed using two different commercially available piezoelectric energy harvesters and

describe the design of a new experimental setup, which mimics a human knee. Then, it dis-

cusses the experimental methodology and shows that the experimental results agree with

the mathematical model—furthermore, the relation between the model and actual human

walking. It provides power generation estimates and compares them with the power con-

sumption of some low power wearable applications to show that this is a feasible way to

power wearable devices. A commercially available piezoelectric energy harvesting circuit

is used to harvest energy, thereby demonstrating the practicability of human motion energy

6



harvesting. Additionally, We then proceed to provide insights on the run-time use of this

model. Finally, chapter 5 sums up this work and points direction for future work.
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Chapter 2

RELATED WORK

Recent advances in low power technology have made wearable devices and applications

easily accessible and explode in popularity. Researchers have demonstrated various wear-

able applications operating in the sub-mW power range [65, 64, 43, 45, 12]. For example,

Kang et al. present a face frontalization processor for face recognition with a power con-

sumption of 0.53mW [32]. Another recent work introduces a low power Bluetooth flexible

emotion sensor [36].

An important application area of low-power wearable devices is human health and ac-

tivity monitoring [13]. Especially, physically stretchable and flexible wearable devices can

enable electronic patches for a wide range of novel applications [6, 62, 41, 27, 14]. A low

power wearable device is presented in [2]. The authors achieve a low power system that

consumes 172µW on the ASIC for heart rate extraction from the raw signal, with the entire

system consuming 1.66mW power. As the technology nodes become smaller and smaller,

sub 50µW applications are becoming more viable. One such state of the art application

is presented in [49]. The authors introduce a test SoC on the 28nm CMOS process node,

specifically for wearable and IoT applications. While the SoC integrates an ARM-based

processor, DSP, and hardware accelerators for computer vision, it consumes less than 9µW

per MHz. Similarly, a low-power hardware accelerator for human activity recognition is

presented in [16]. A similar, much specific low-cost asynchronous SoC for ECG appli-

cations is presented in [67], which consumes 3µW, does not require clock generators and

off-chip antennas, thereby, making it a good option for disposable wireless ECG patches.

Energy harvesting from mechanical sources has existed for a considerable amount of

time. Turbines, dynamos, and such devices are typical examples of mechanical to electrical
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transducers. Approaches for powering devices using vibration energy harvesting are also

common and, as such, have been used in structural monitoring for bridges, tunnels, and

windmills [40, 17, 5]. Energy harvesting can enable self-powered devices when combined

with dynamic energy allocation and optimization techniques [15, 11].

There have been many studies on human motion energy harvesting. Various approaches

include electromagnetic, temperature gradient, electro-mechanical, and piezoelectric. In

one such study, [25], researchers have demonstrated the potential of a looped inertial en-

ergy harvester, which consists of a metal ball that moves freely inside a loop and induces

a current in the coils. Another study explores the possibility of harvesting energy from the

waste thermal energy of the human body. They place thermoelectric modules on various

parts of the body to harvest a total boosted power of 24.7µW [63]. In [26], they demon-

strate a electromagnetic energy harvester with a energy density of 730µWcm-3. Another

study explores the possibility of a knee mounted electro-mechanical device [20], which

intends to powering prosthetic limbs. They demonstrate the device’s design, which mounts

on the side of the user’s knee.

Researchers have demonstrated the potential of piezoelectric energy harvesting from

various parts of the human body. [50, 51] demonstrate the design and optimization of

a lead zirconate titanate (PZT) based piezoelectric energy harvester mounted within the

user’s footwear. Another work [28] explores the possibility of a hybrid energy harvesting

system by combining a piezoelectric and electromagnetic energy harvesting and claims

that the combined topology enhances power output and DC stability. Furthermore, [38]

shows a PZT-microelectromechanical system (MEMS) -based energy harvester with a low

resonant frequency of 36Hz with a wide band operation frequency of 17Hz. They further

show that the harvester’s wideband operation increased the voltage and power levels of

the harvester. A low-frequency energy harvester with a permanent magnet, a proof mass,
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and an Magnetic Shape Memory Alloy-Macro Fiber Composite (MSMA-MFC) laminate

composite, which generates 0.53µW at 19Hz, is explored in [31].

Piezoelectric energy harvesters (PEHs) have resonant frequencies, far more than human

motion. It is shown that frequency up-conversion is a viable approach to harvest energy. A

study uses a cantilever beam with a piezoelectric patch attached to the end of it mounted

on the human leg for frequency up-conversion. Even though the power generated was

close to 2.8mW, this method is very bulky, hence impractical as a wearable device. [29].

Another study involving a linear kinetic energy harvester [4] explores a cantilever based

PEH mounted on the human arm. They claim an RMS power of 50 µW from regular human

activities and compare them with nonlinear designs. However, this design also proves to

be bulky, and it restricts free motion due to its inflexibility and hence, impractical for use

in the real world as a wearable device. [53] shows a similar effort to harvest energy using

piezoelectricity. They present an impact-driven piezoelectric energy harvester from human

motion. The design involves a high-frequency PZT-5A bimorph cantilever beam with a

proof mass at one end placed inside an aluminum casing. The device was attached to the leg

of a test subject. They were able to harvest 51 µW with fast walking activity. Even though

the results seem positive, the fact that the devices protrude from the user’s leg is discomfort

and, at times, even impractical. As we can see, a considerably low effort has been put

on harvesting energy from highly flexible materials placed directly on joints, which make

human motion energy harvesting practical and comfortable for the user. Another approach

presented by [61] involves constructing a device mounted on the human leg using PZT,

steel plates, and magnets to capture the human leg’s swinging motion. Even though the

design to be very bulky, the harvested power is about 16µW.

The lack of comfort due to the bulkiness and impracticability of current approaches to

human motion energy harvesters motivated us to use novel flexible piezoelectric materials

directly coupled with body joints. One such potential flexible PEH called Macro Fiber

10



Table 2.1: A compilation of recent related work in wearable piezoelectric energy harvesting

Ref
Analytical

Model

Experimental

Validation

Large

Bending

Flexible

Form-factor

Reported

Power

[35] 3 3 7 7 6 mW

[48] 7 3 3 3 1.9 µW

[9] 7 3 3 3 1.0 µW

[18] 3 7 7 3 1.0 µW

[53] 7 3 7 7 51.0 µW

[29] 3 3 7 7 2.8 mW

[61] 3 3 7 7 16.4 µW

This

Work
3 3 3 3 13 µW

Composite (MFC) [56] is analyzed in [22]. They have analyzed the effect of uniform

physical strain on MFC using a test setup and claim that they are fail-proof for more than

1010 cycles. Researchers demonstrated the potential of using flexible piezoelectric mate-

rials directly coupled to movements of the joints in the body [48, 9]. In one such work,

researchers placed polyvinylidene difluoride (PVDF) and MFC beams at various locations

on the human body [48, 8]. They recorded the harvested energy at these different locations

during different physical activities, such as walking, jogging, and climbing up/downstairs.

They observed an increase in energy output with higher frequency motion compared to a

lower frequency one. They reported 1.9µW during walking and 3.7µW during jogging. A

theoretical analysis of the power generated using a PVDF patch mounted on a human knee

using a small angle approximation is provided in [19]. However, such an approximation

is inadequate as human knee motion involves large angular movements. In another study,

researchers built a human knee inspired mechanical frame to explore the dynamics of the

energy harvesting from human gait [9]. They investigated the dependence of energy on

11



the frequency and amplitude of the motion and claimed that the harvested energy increases

with both variables. They reported results by extracting knee angle data from a motion cap-

ture data set and feeding it to their framework. According to those results, close to 1W is

generated from a knee harvester during the walking motion. Despite the previous effort on

analyzing the energy dependence on the underlying motion, neither of these studies char-

acterized the energy generation in terms of the parameters in the whole system and then

proved using experimental validation.
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Chapter 3

MODELLING AND ANALYSIS

3.1 Modeling of Piezoelectric Energy Harvesting from Joint Movement

A mathematical model was developed at eLab to explore piezoelectric power generated

from flexible piezoelectric patches mounted on human joints. In most piezoelectricity lit-

erature, the electrical forces induced by the piezoelectric material are comparable to the

mechanical forces such as vibration. These electrical forces are taken into consideration

through the mechanical governing equation. In our case, however, the mechanical forces

acting on the piezoelectric patch due to large-bending motion are much larger than the gen-

erated electrical forces, allowing the electrical and mechanical domains to be decoupled

entirely [23]. Hence, we consider only the electrical governing equation in this study [24]:

D1 = εS33E
S + e31S1 (3.1)

where D1 is the electric displacement field, εS33 is the permitivity under constant strain,

ES is the electric field between the electrodes of the piezoelectric sensor, e31=Ypd31 is the

piezoelectric constant for the bending mode and S1 is the strain induced in the piezoelectric

material due to bending.

The input to the system is the strain S1 in the piezoelectric material. The following

mechanical joint bending model is used to obtain the strain as a function of the joint angle:

3.1.1 Mechanical Joint Bending Model

We use a large bending representation of a beam attached directly to the human knee,

as shown in Fig. 3.1. Here, the joint is modeled as a circular profile with a radius ρ. The

13



Table 3.1: Summary of symbols used in this work

Symbol Parameter Symbol Parameter

D1

Electric displacement

field
εS33

Permittivity under

constant strain

V Generated voltage Q Accumulated charge

i Generated current A PZ Area

ES Electric field L PZ Length

S1 Strain W PZ Width

κ Curvature C PZ Capacitance

u Horz. displacement R PZ Load

d31 Strain coefficient Yp PZ Young’s Modulus

θ Joint bend angle hp PZ Thickness

ω Vert. displacement Ys SB Young’s Modulus

r Radius of curvature hs SB Thickness

e31
Electromechanical

coupling coefficient [23]
hpc

Distance to

neutral axis

PZ: Piezoelectric Patch. SB: Substrate.

piezoelectric patch bends along this circular profile following the joint bend angle Θ. The

neutral position of the patch is shown with 1©. As joint bends, the patch goes from position

1© to 2©.

The point s=0 corresponds to the clamped end of the patch. The point, s=s0 corresponds

to the first point in contact with the circular profile, and the point s=s1 corresponds to the

last point in contact with the circular profile. The point s=L is the free end of the patch.

Therefore, using the arc length relation, we express the length of bent piezoelectric material

as s1=s0 + ρθ(t).

14



As the piezoelectric patch bends along the circular profile, the points on it exhibit hor-

izontal and vertical displacements u(s,t) and ω(s,t). In a large bending scenario, the strain

is a function of both of these quantities [23]:

S1(s, t) = hpc

∂2ω
∂s2(

1 + (∂ω
∂s

)2
) 3

2

+
∂u

∂s
(3.2)

where hpc=
Yshs(hp+hs)

2(Yphp+Yshs)
is the distance to the neutral axis in the thickness direction [24, 23].

The term next to hpc is the curvature κ(s, t) of the patch and due to the circular profile of

the joint, it reduces to

κ(s, t) =


0, 0 ≤ s ≤ s0

1
ρ
, s0 ≤ s ≤ s1

0, s1 ≤ s ≤ L

(3.3)

Where ρ is the radius of curvature.

𝜃(𝑡)

𝜃(𝑡)𝑟

𝑠 = 0 𝑠! 𝑠 = 𝐿

𝜔(𝐿, 𝑡)

𝑠" = 𝑠! +rθ(𝑡)

𝑢(𝐿, 𝑡)

For an arbitrary point 𝑠:
Horizontal displacement: 𝑢(𝑠, 𝑡)
Vertical displacement:	𝜔(𝑠, 𝑡)

Figure 3.1: Bending model of a piezoelectric patch placed on the human knee.
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Finally, we formulate the expression for the horizontal displacement as follows:

u(s, t) =



0, 0 ≤ s ≤ s0

s0 + ρsinθ(t)− s, s0 ≤ s ≤ s1

s0 + ρsinθ(t)+

(L− (s0 + ρθ(t))) cosθ(t)− s, s1 ≤ s ≤ L

(3.4)

Next, we develop the piezoelectricity model to obtain the accumulated charge due to

the induced strain in the piezoelectric material.

3.1.2 Piezoelectricity Model

Applying the Gauss Law to equation 3.1, we obtain the accumulated charge as follows:

Q =

∫
A

D1dA =

∫
A

(
εS33E

S + e31S1

)
dA (3.5)

Substituting equation 3.2 for S1 and ES= V
hp

where V is the voltage and hp is the thick-

ness of the piezoelectric material, an then evaluating the integral assuming V is constant

along the whole area, and S1 only changes along the length of the patch, we obtain:

Q =
εS33WL

hp
V + e31W

∫ L

0

(
hpcκ(s, t) +

∂u(s, t)

∂s

)
ds (3.6)

Here W and L denote the width and length of the piezoelectric patch, respectively. The

term εS33WL

hp
is referred to as the capacitance of the patch [24], and is denoted by C from

hereon. The integral in (3.6), is evaluated by dividing the first term into three regions along

the length of the patch, and the second term is readily integrable:∫ L

0

(
hpcκ(s, t) +

∂u(s, t)

∂s

)
ds =∫ s0

0

(hpcκ(s, t)) ds+

∫ s1

s0

(hpcκ(s, t)) ds+∫ L

s1

(hpcκ(s, t)) ds+ (u(L, t)− u(0, t)) (3.7)
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With (3.3) and (3.4) plugged into (3.7), it reduces to

Q(t) = CV (t) + e31W (hpcθ(t) + u(L, t)) (3.8)

Next, we take the time derivative of Q(t) to obtain the electrical current generated by

the piezoelectric patch. In what follows, ẋ is used to denote dx
dt

.

i =
V

R
= CV̇ + e31W

(
hpcθ̇ + u̇[L]

)
(3.9)

Here, R denotes the load impedance connected between the electrodes of the piezo-

electric patch. Manipulating the expression to obtain the form of a ordinary differential

equation, we get:

V̇ =
−1

RC
V +

e31W

C

(
hpcθ̇ + u̇[L]

)
(3.10)

We obtain u̇[L] from (3.4) as:

u̇[L] = sinθ (s0 + ρθ − L) θ̇ (3.11)

and plug it in (3.10). Therefore, piezoelectric voltage is governed by the following equa-

tion:

V̇ =
−1

RC
V +

e31W

C

(
hpcθ̇ + sinθ(s0 + ρθ − L)θ̇

)
(3.12)

To compensate for the deviations of parameters from their datasheet values and errors

due to experimental measurements, we introduce fitting parameters p, q1 and q2 and bring

the equation to the following form:

V̇ =
−1

RC
V +

B

C

(
hpcU1p+ U2(

q1
R

+ q2)
)

(3.13)

where B = e31W , U1 = θ̇, U2 = sinθ(s0 + ρθ − L)θ̇.

In small-bending problems, typically q1, q2 = 0 and p = 1 as horizontal displacement is

negligible compared to the length of the patch and all the contribution is from U1. However,

in the large-bending problem at hand, both U1 and U2 contribute to the voltage.
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Equation 3.13 is solved by the ode45 solver in MATLAB. The solution is calculated

from t = 0 to t = 10 seconds with V0 = 0 and dt = 1 ms. Parameters are given their

corresponding values in Table 4.1, and ρ and s0 are given as 4 cm and 1.3 cm, respec-

tively. The resistance R is swept according to the variable load resistance values used in the

experiments. Parameters p, q1 and q2 are used to optimize the model output such that the

normalized mean squared error between the experiments and model outputs are minimized.

This is formulated as an unconstrained optimization problem as follows:

minimize
p,q1,q2

||Vref − V̂ ||2

||Vref − 1
N

ΣN
n=1Vref ||2

Where Vref is the experimental voltage recording, and V̂ is the model voltage output given

by Eq. 3.13. The first two seconds of the model output is excluded from waiting until the

model converges to the steady-state solution. This optimization problem is solved by the

fminsearch function in MATLAB.

From the obtained voltage waveforms, root-mean-square voltages Vrms are calculated.

Then, RMS power Prms values are calculated.

The forces acting on the piezoelectric patch varies according to the input actuation,

which results in different strains induced in the piezoelectric material. Consequently, these

parameters are fitted separately for each different configuration in the experiments. For ex-

ample, different parameters are fitted for 90◦–1 Hz experiments and 60◦–1 Hz experiments

of the piezoelectric patch MFC8528P2. Therefore, a total of 8 parameter sets are calculated

that correspond to different input configurations used in the experiments.
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Chapter 4

EXPERIMENTS & EVALUATION

Previous studies showed that the energy harvesting potential at the knee is higher than

other joints due to higher torque at this position [21]. Therefore, we choose the human knee

as the target joint to place the piezoelectric patch and evaluate energy harvesting potential

during walking.

4.1 Initial Study

To study the effect of bending on the piezoelectric patch, we came up with a test setup

using the Bioloid Premium kit, which is described below. The main components of this

setup consisted of:

• Dynamixel AX-12A Servo motors [54]

• Bioloid Premium Kit Links [54]

• CM 530 [54]

• Foam enclosure

• Textile based enclosure

Construction: A human leg-like mechanical frame was assembled using the mechanical

parts provided in the kit. This frame was covered using a foam cylinder cut in half length-

wise. Horizontal cuts were made on the foam to allow the mechanical frame to bend freely.

The frame was covered entirely using a tight-fitting textile-based cover.

Actuation: The test setup is actuated using a Dynamixel AX-12A servo motor for con-

trolled speed and angle. The motor is controlled using the dedicated CM-530 control board.
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Figure 4.1: Test setup used for initial study of piezoelectric patches.
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Placement: The piezoelectric patch is placed inside the test setup between the layers foam

and textile-based cover, as shown in the figure 4.1. The piezoelectric element is connected

to a load and an oscilloscope to study its characteristics.

An example piezoelectric output from this setup is shown in Figure 4.2

The initial study, based on this test setup, gave crucial insights into the piezoelectric

patch’s behavior. Some critical take-away are as follows:

• A voltage generates across the piezoelectric material’s terminals only in the presence

of a time-varying strain.

• When strain is first increased and then left constant, the output voltage first increases

to the maximum level and decreases exponentially, with a time constant dependent

on the load connected to it, similar to a capacitor discharging.

4.2 Experimental Setup Design

Design & Fabrication: Although the initial study gave crucial insights into the behavior

of the piezoelectric patch, it had several pitfalls:

• The frame imparted an unknown and inconsistent bending radius onto the piezoelec-

tric patch.

• The piezoelectric patch had unstable coupling with the frame.

• The frame induced unwanted and inconsistent strain on the piezoelectric patch.

• The frame imparted a high load on the driving motor.

• Low repeatability due to the factors discussed above.

Reproducible and controlled experiments are crucial for a systematic validation study. To

this end, we design a new mechanical frame that mimics the bending of the human knee
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Figure 4.2: Example output from the test setup used for initial study of piezoelectric patches.
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joint and, at the same time, overcomes the problems mentioned before, as shown

in Figure 4.3-a).

It is composed of the upper-leg, kneecap, and lower-leg parts. The kneecap now has

a known radius of curvature of 4 cm (r in Figure 3.1). Along all the three sections, a

groove is present to place the piezoelectric patch for achieving near-perfect coupling to the

motion. Also, screw holes are placed along the length of the frame for mounting clamps

to fix the piezoelectric patch. The frame is 3D printed using acrylonitrile butadiene styrene

(ABS) plastic with a 60% density for rapid prototyping. Once the new mechanical frame

was assembled, the immediate problem was the smoothness in motion due to errors in 3D

printing. This problem was solved by smoothening all sliding surfaces and further applying

petroleum jelly based lubricant to improve smoothness.

The known problems are overcome by the new setup as follows:

Problem & Solution

• The presence of soft materials in the construction of the frame resulted in an unknown

and inconsistent bending radius of the piezoelectric patch.

- To solve this, the kneecap was fabricated with a known radius of 4cm.

• Due to the absence of a system to hold the piezoelectric patch in place, the coupling

between the piezoelectric patch and the frame was unstable.

- Groove along the whole frame to allow free movement of the piezoelectric patch

and clamp at one end to hold it in place.

• The frame put the piezoelectric patch under unwanted and inconsistent strain.

- External factors like a textile-based cover, which interfered with the piezoelectric

patch, were replaced by a smooth cover for the patch to slide inside.
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Motor

Controller

Piezoelectric 
Patch

a) b)

Groove
Motor
Housing

Figure 4.3: Mechanical human knee joint a) design in SolidWorks, b) 3D printed

• Due to the restrictive nature of foam, the driving motor experienced high load

- Free movement of the knee joint and lightweight construction ensured low motor

load.

Actuation: A Dynamixel AX-12A servo motor is used to actuate the frame for controlled

speed and angle. Potential timing errors that may arise due to the use of a non-real-time

OS, such as inconsistencies in the input waveform, are avoided by controlling the motor

through the dedicated OpenCMv9.04 control board.

Placement: The piezoelectric patch is clamped to the lower-leg from one end. Then the

other end of the piezoelectric patch is covered to contain it in the upper leg, as shown in

Figure 4.3-b). The distance from the clamped end to the curved surface is measured to be

1.3 cm (s0 in Figure 3.1). The other end of the piezoelectric patch is left free to avoid any

extra strain and allow free motion. Besides, extra care was taken to avoid pressure onto the

piezoelectric patch along the frame to avoid additional forces due to friction.

We used a digital oscilloscope for real-time visualization of the waveform produced by

bending the piezoelectric patch and a resistance box to capture the resistive load effect on

the patch. The NI DAQ system was used to acquire accurate data.
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4.2.1 Test and Debug of the Experimental Setup

Before proceeding with experiments using piezoelectric patches, the goodness of the

experimental setup had to be established. It was evaluated if the test setup indeed overcame

the issues with the initial setup. The test parameters are as follows:

• Smooth movement of the 3D printed knee.

Once the new mechanical frame was assembled, the immediate problem was

the smoothness in motion due to 3D printing errors. This problem was solved by

smoothening all sliding surfaces using a filer and sandpaper and further applying

petroleum jelly based lubricant to improve smoothness.

• Verify if the test setup can move at the required speed.

For our experiments, we needed the test setup to actuate at least 90◦, 1Hz, with-

out any jitters. For this, both actuation amplitude and frequency were swept. No

noticeable jitter was present in our points of interest. However, There were jitters

when the amplitude was set to below 30 degrees or below 0.25 Hz.

• Use angular displacement sensor to verify the accuracy of the movement.

An Angular Displacement Sensor (ADS) manufactured by Bendlabs [10] was

placed on the mechanical frame to verify the movement’s accuracy. Data obtained

from this sensor is shown in AppendixA. The setup proved to be accurate up to ±2◦.

• Determine the maximum capability of the setup.

With the ADS mounted on the frame; it was actuated at 90◦, 1Hz. Then the fre-

quency of operation was increased by in steps of 0.1 Hz while keeping the amplitude

constant. I was repeated until the frame was unable to bend the whole of 90◦ at the

required frequency. The frame could achieve up to 90◦, 1.5Hz operation.
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• Check if repeatable measurements were obtained from the piezoelectric patch mounted

on the knee.

A piezoelectric patch was mounted on the frame as described in section 4.3.

It was actuated at 90◦, 1Hz with a load of 1MΩ. This process was repeated, and

the effect was observed. No significant change in output waveform was observed,

thereby establishing the repeatability of experiments performed using the new frame.

4.3 Experimental Methods and Procedure

Piezoelectric Materials: We validate the proposed models using two different MFC el-

ements, the MFC8514P2 and the MFC8528P2 [56]. The parameters of these devices are

summarized in Table 4.1.

Figure 4.4: Macro Fiber Composite (MFC) Patchs, MFC8528P2 and MFC8514

26



Excitation Input: We use four different sinusoidal excitations with the following bending

angle and frequency pairs: (60◦; 0.5 Hz), (60◦; 1 Hz), (90◦; 0.5 Hz), and (90◦; 1 Hz). For

example, the pair (60◦; 0.5 Hz) means that the knee bends by 60◦ degrees starting from a

neutral position, and the movement is repeated with a frequency of 0.5 Hz. For each input,

the rotation angle is recorded with a Bendlabs angle measurement sensor [10] placed on

the frame to verify that the actuation matches the input excitation and uses it as an input to

the developed energy harvesting model.

Load: We sweep the load connected to the MFC elements from 100 kΩ to 10MΩ for each

input excitation. The load is swept 100 kΩ increments between 100 kΩ and 1 MΩ, and 200

kΩ increments between 1 MΩ and 10 mΩ. For each load, we record the generated voltage

for ten seconds with NI DAQ.

Experiment Duration: All experiments have been repeated twice to eliminate any human-

related errors during data recording. Therefore, a total of 16 experiments were performed

for the analysis part in this work (4 angle-frequency pairs × 2 piezoelectric elements × 2

sets of measurements) are carried out for each load. Each experiment takes approximately

four hours with post-processing, which involved phase aligning and indexing, followed by

grouping and averaging. Finally, the root mean square (RMS) voltage values and RMS

power calculation. Hence, the measurements used in this study took about 64 staff-hours.

However, more experiments covering PVDF and MFC models with 45◦ excitation were

also performed, which have not been analyzed in this work, but included as a contribution

to our data set.

4.4 Validation Under Controlled Experiments

The proposed model predicts the generated voltage as a function of time. Then, the gen-

erated power is computed using the output voltage. Therefore, we summarize the accuracy
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Table 4.1: Geometrical and physical parameters of the MFC elements used in experimental valida-

tion.

MFC8514P2 MFC8514P2

W (mm) 28 14

C (nF) 264±20% 138±20%

L (mm) 85 85

hp (µm) 180 180

Yp (GPa) 30.336 30.336

hs (µm) 120 120

Ys (GPa) 2.8 2.8

d31 (pC/N) -170 -170

r (cm) 4 4

s0 (cm) 1.3 1.3

in generating the output voltage and then present the accuracy in modeling the generated

power in detail.

4.4.1 Output Voltage Comparison

As a representative example, Fig. 4.5 shows the experimental voltage recording and

the corresponding model output obtained with MFC8528P2 for 90◦ bending angle, 1 Hz

excitation frequency, and 0.4 MΩ loads. The model output closely follows the experimental

voltage signal. Furthermore, it achieves 2.71% mean absolute percentage error (MAPE). In

general, the MAPE of the proposed model ranges from 0.78% to 3.55% for all experiments

with different bending angles and frequency pairs.

28



Model
Exp

V

Time (s)
1 2 3 4 5

5

0

-5
0

Figure 4.5: Voltage output of MFC8528P2. Input: 90◦ bending angle, 1 Hz excitation frequency.

Load: RLoad = 0.4 MΩ

4.4.2 Output Power Comparison

Next, we analyze the generated power PRMS in detail as a function of all input param-

eters and the load. Fig 4.6-a and Fig 4.6-b plot the measured PRMS and model results ob-

tained from MFC8528P2 (larger). In Fig 4.6-a, the MAPE of the proposed model is 5.36%

and 5.34% for (90◦; 1 Hz) and (60◦; 1 Hz) input excitations, respectively. In Fig 4.6-b, the

MAPE of the proposed model is 4.09% and 4.04% for (90◦; 0.5 Hz) and (60◦; 0.5 Hz) in-

put excitations, respectively. The highest experimental power is approximately 26 µW for

90◦–1 Hz excitation of MFC8528P2. The model prediction for the same point is approx-

imately 24.5 µW. Similarly, fig. 4.7 shows the PRMS values at 0.5 Hz excitation. In this

case, the highest experimental power is approximately 12.4 µW for 90◦–0.5 Hz excitation

of MFC8528P2. The model prediction for the same point is approximately 12 µW. When

all curves are considered, the average mean-absolute-percentage-error is 4.8%. Similarly,

Fig 4.7-a and Fig 4.7-b show the same results for MFC8514P2 (smaller). Fig 4.7-a shows

that the MAPE of the proposed model is 3.55% and 1.54% for (90◦; 1 Hz) and (60◦; 1 Hz)
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input excitations, respectively. Fig 4.7-b shows that the MAPE of the proposed model is

6.94% and 3.79% for (90◦; 0.5 Hz) and (60◦; 0.5 Hz) input excitations, respectively.

There are three key observations from these results:

The bending angle does not shift the maximum power point (MPP). It only affects the

magnitude of the generated power. For example, Fig 4.6-a) shows that the MPP isRLoad=0.4

MΩ element under 1 Hz excitation for both 90◦ and 60◦ bending angles. Similarly, the MPP

does not change for the smaller piezoelectric elements and 0.5 Hz frequency, as shown in

Fig 4.6 and Fig. 4.7. In all cases, the MPP predicted by the proposed model matches the

measurements.

The excitation frequency affects both the magnitude and the load value for the MPP. For

instance, the MPP shifts from 0.4 MΩ to 0.8 MΩ when the excitation frequency decreases

from 1 Hz to 0.5 Hz (see Fig 4.6-a) and Fig. 4.7-a)). This observation is in agreement with

the first-order approximation of a piezoelectric patch as a capacitance. In an RC circuit,

maximum power transfer occurs at R= 1
2πfC . Therefore, R is inversely proportional to both

P
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RL (MΩ)
0.8 1.2 1.6 20.4 0.6 1 1.4 1.8

0

5

10

15

90° Model
90° Exp

60° Model
60° Exp

Figure 4.6: PRMS for MFC8528P2 a) 1 Hz b) 0.5 Hz
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the excitation frequency and the capacitance of the piezoelectric element. We also note that

the generated power decreases with the excitation frequency as expected.

The size of the piezoelectric patch also affects both the magnitude and the load value

for the MPP. Smaller size yields less power due to smaller piezoelectric material volume,

hence, smaller dielectric displacement. Due to the smaller patch’s lower capacitance, the

maximum power point also shifts to higher load values. For example, when Fig 4.6-a) and

b) are considered, going from the larger MFC8528P2 to the smaller MFC8514P2 shifts the

MPP from 26 µW at RLoad=0.4 MΩ to 14.7 µW at RLoad=0.8 MΩ. It is expected since the

maximum power transfer occurs at R= 1
ωC , as noted above.

4.5 Applications to Real Life Scenarios

This section illustrates the application of the proposed methodology to real-life sce-

narios. To this end, we recorded the user’s knee angle during walking using a Bendlabs

angular displacement sensor sensor [10]. As an example, Fig. 4.8-a) shows the recorded

knee angle from the right knee of the subject. It is observed that the bending angle is close
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RL (MΩ)
0.8 1.2 1.6 20.4 0.6 1 1.4 1.8

0

10

15

20

5

90° Model
90° Exp

60° Model
60° Exp

Figure 4.7: PRMS for MFC8514P2 a) 1 Hz b) 0.5 Hz
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to 60◦, and frequency is slightly smaller than 1 Hz. Hence, we can predict the harvested

energy using the model parameters found in the previous section.

We consider MFC8528P2 as the piezoelectric element and the maximum power point,

i.e., RLoad=0.4 MΩ, to analyze the energy harvesting potential. First, the measured knee

angle waveform is fed as input to the proposed model to find the output voltage. The

generated voltage leads to 6.5 µW RMS power with a 0.4 MΩ load. Considering both

knees, we argue that 13 µW power can be generated by this user while walking.

Next, we investigate the use of the generated power for wearable applications. The

run-time use of the model is illustrated as an MPP tracking algorithm for human motion

energy harvesting applications. Different parameter sets that correspond to different ampli-

tude and frequency pairs are stored on the device. During operation, a run-time algorithm

inspects the generated voltage and identifies the frequency of the motion. The parameter

set for the obtained amplitude and frequency pair is used to estimate the magnitude of the

excitation angle. It proceeds to calculate the power curve and determine the MPP. Finally,

the application sets its input impedance such that it corresponds to the calculated MPP.

Once we know the amount of energy harvested, we can evaluate it’s goodness for a

given application in terms of duty ratio. Let the duty ratio be the percentage of time a

wearable device can be powered by the harvested energy. Fig. 4.8-b) shows the obtained

duty ratio for the hypothetical design spanning the [1 µW, 1 mW] interval. If the device’s

power consumption is less than 13 µ W, then the piezoelectric element can power it per-

petually, while devices with larger power consumption must turn off periodically. Also, we

used examples of low-power wearable application studies from the literature [68, 66, 33].

For example, for an application that consumes 100 µW, the duty ratio is 13%. For this

approach, the generated energy is stored for 10 seconds and uses the stored energy to run

the application for 1.3 seconds. We argue that 1.3 seconds is usually sufficient for wearable

applications to sample and process data due to the slow dynamics of the human body. Thus,
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[68]

[66]

[33]

Figure 4.8: a) Knee angle during walking b) Duty cycle c) Battery equivalent [68]

for every 10 seconds on energy generation, we power our device for 1.3s. An example is

a device presented in [66] that has 137 µW power consumption; hence it can be powered

with a 9.4% duty cycle.

Finally, the cumulative energy harvested for this person as a function of the number of

steps is analyzed. The probability distribution function (PDF) depicted in Fig. 4.8-c) (right

axis) shows that an average person takes less than 10000 steps in a day [3]. Assuming each
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step takes 1.2 seconds, 7.8 µJ of energy would be harvested per step. Therefore, a person

who takes 7500 steps a day, 30 × 7500 × 7.8=1.75 J would be harvested in a month. This

corresponds to a battery with 0.40 mAh charge capacity rated at 1.2V. Fig. 4.8-c) illustrates

the predicted charge capacity for a different number of steps daily.

4.6 Energy Harvested in a System

This section demonstrates the energy harvesting from the MFC8528P2 piezoelectric

patch using the EH300A energy harvesting module [1] (Figure 4.9). The EH300A module

takes input from energy harvesting sources, such as piezoelectric patches, rectifies the in-

put, and stores the energy for later use. The piezoelectric patch was mounted on the frame.

It was connected to the input terminal of the EH300A module, and the frame was actuated

at 90◦, 1Hz.

Figure 4.9: Experimental setup with EH300A connected with 100 µf storage capacitor

The EH300A module has a 6600 µf storage capacitor. However, the EH300A energy

harvesting module does not have a matching input impedance with the piezoelectric patch.

As this study clearly shows that impedance matching is necessary for maximum energy har-

vesting, the EH300A module is unable to harvest all the energy produced by the piezoelec-

tric patch, thereby charging the storage capacitor slowly. The amount of energy required to
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charge the capacitor is reduced for quick demonstration purposes by modifying the module

by replacing the original 6600 µf storage capacitor with 100 µf storage capacitor. This

approach reduced the amount of energy required to charge the capacitor. The voltage on

the storage capacitor was monitored by the Vp output pin of the module using the on-board

ADC of the OpenCM 9.04 module. The corresponding voltage curve is shown in Fig 4.10.

Figure 4.10: Voltage curve of the 100 µf storage capacitor, when MFC8528P2 is actuated at 90◦, 1

Hz

The capacitor takes 420s to charge the capacitor from 0V to 1.27V, by harvesting 80 µJ

energy, i.e., the power generated is close to 0.2 µW, which is very less than the earlier

experimental result of 26 µW even after considering an efficiency factor of the harvesting

circuitry. This effect is possibly due to the impedance mismatch between the piezoelectric

patch and the input of the EH300A module. Some approaches to fix this are a look-up table

based MPPT tracking algorithm and an adaptive impedance circuit.
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Chapter 5

CONCLUSION AND FUTURE WORK

The increasing popularity of wearable technology and low power design has inspired re-

search on energy harvesting directly from human motion. Among many different method-

ologies for energy harvesting, piezoelectric energy harvesting provides an attractive so-

lution to wearable devices. Consequently, various researchers have shown different ap-

proaches to piezoelectric energy harvesting from human motion. However, these approaches

proved to be usually too bulky and hence impractical for the daily user. This work consid-

ered flexible piezoelectric patches coupled directly on a human joint, which involves large

movements to evaluate the practicability of piezoelectric energy harvesting from human

motion. We present a study that involves experimental evaluations used to verify a mathe-

matical model for flexible piezoelectric patches placed on joints. Initially, the properties of

piezoelectric patches are studied using an easy to implement experimental setup. Then, we

analyzed the requirements for performing reliable experiments and design an experimental

setup using CAD tools. Then the parts of a novel experimental setup are designed in CAD

and fabricated with a 3D printer and assemble them. The 3D printed setup is validated us-

ing the ADS sensor to ensure minimal errors while performing experiments. We performed

experiments using the chosen MFC patches and then proved the validity of the mathemati-

cal model using the experimental data by curve fitting. In this work, we used two excitation

frequencies (0.5 Hz and 1 Hz) and two bending angles (60◦ and 90◦) for validation of the

mathematical model.

Once the model’s validity was established, it was used to project the energy harvesting

potential from walking. According to our results, 13 µW can be harvested from the knees

during walking. Furthermore, we estimate that the monthly charge capacity generated by
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a person that regularly walks 7500 steps/day is equivalent to that of a 0.40 mAh 1.2V bat-

tery. To prove the feasibility of human motion energy harvesting, We used a commercially

available energy harvesting circuit and charged a storage capacitor using the MFC patch.

It showed that an adaptive impedance matching system is necessary for optimal energy

harvesting from piezoelectric materials. These observations motivated us to plan the next

steps beyond this work.

Future work:

• As Human motion involves various frequencies and knee angles, the mathematical

model must be verified for the full range of relevant angles and frequencies. We,

therefore, intend to extend the experimental dataset to a finer granularity.

• We will also capture different motion sequences. For example, elbow patterns, walk-

ing and running. Repeatable experiments will be performed using these captured

motion sequences through our experimental setup. Performing the new experiments

will require an experimental setup that can actuate faster than our current version. So,

an improved experimental setup to accommodate the new needs will be designed.

• We also plan to apply the proposed technique to other piezoelectric materials.

• Furthermore, a commercially available adaptive input impedance system will be used

to harvest energy. Also, an energy harvesting system with adaptive input impedance

will be designed.

• Finally, the harvester will be mounted on various joints of a human subject, and the

harvested energy from various activities will be evaluated.
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APPENDIX A

EXPERIMENTAL SETUP
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This chapter provides detailed description of the experimental setup design, program-
ming the controller and digital servo motor, and example waveforms to prove goodness of
the setup.

A.1 CAD Model of Experimental Setup

Figure A.1: CAD model of the new experimental setup which replicates human knee.

A.2 Programming OpenCM 9.04 and Dynamixel AX-12A

OpenCM9.04 is an Open-Source 32bit ARM Cortex-M3 based microcontroller board.
It was chosen due to its compatibility with Arduino IDE, and hence the access to broad
community support and native support for the Robotis Dynamixel servo motor family. To
replicate the function of the controller used in this work, the following are crucial.

• Windows PC with Arduino IDE installed (https://www.arduino.cc/)

• OpenCM Board files (https://raw.githubusercontent.com/ROBOTIS-GIT/OpenCM9.0
4/master/arduino/opencm release/package opencm9.04 index.json)

• Dynamixel2Arduino.h library for Arduino IDE (Github: https://github.com/ROBOTIS
-GIT/Dynamixel2Arduino)

Dynamixel AX-12A is a digital programmable servo motor by ROBOTIS. Key features
include a 1Mbps TTL half-duplex asynchronous serial communication, 0◦ - 300◦ position
control with a 0.29◦ step size (10-bit, 1023 levels), programmable torque and speed.

Programming the OpenCM to control the servo motor:

• Serial Port: Serial3, baud rate = 1M, DXL PROTOCOL VERSION1̄.0

• Create a sine table containing only one cycle as follows :
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sineTable[n] = round(512 + scaleFactor * (1+sin(2 * 3.14 * freq * (n * 0.01) )) *
(angle/2));

Where, scaleFactor = 3.4067

• At every 10 ms interval, update motor position with the next value in the sine table.

A.3 Verification with ADS

As repeatable, reproducible, and accurate measurements are crucial for analysis and
concluding, the new experimental setup’s movement accuracy was verified using a flexible
angular displacement sensor (ADS). The ADS was first calibrated and then placed on the
experimental setup. Bending angle data were obtained and analyzed for goodness. The
measurements always remained within ±2◦ of the angle expected. Furthermore, the math-
ematical model used these angles as input. The following are the obtained waveforms from
ADS.
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Figure A.2: Output of ADS for a 90◦ bending angle, 1 Hz excitation frequency.
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Figure A.3: Output of ADS for a 90◦ bending angle, 0.5 Hz excitation frequency.
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Figure A.4: Output of ADS for a 60◦ bending angle, 1 Hz excitation frequency.
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Figure A.5: Output of ADS for a 60◦ bending angle, 0.5 Hz excitation frequency.
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This section shows experimental data obtained from the piezoelectric module MFC8514P2
and MFC8528P2.
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Figure B.1: Power plot of MFC8514P2. Input: 90◦ bending angle, 1 Hz excitation frequency. Load:
RLoad = 0.1 MΩ - 10 MΩ
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Figure B.2: Output of MFC8514P2. Input: 90◦ bending angle, 1 Hz excitation frequency. Load:
RLoad = 0.8 MΩ
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Figure B.3: Power plot of MFC8514P2. Input: 60◦ bending angle, 1 Hz excitation frequency. Load:
RLoad = 0.1 MΩ - 10 MΩ
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Figure B.4: Output of MFC8514P2. Input: 60◦ bending angle, 1 Hz excitation frequency. Load:
RLoad = 0.8 MΩ
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Figure B.5: Power plot of MFC8514P2. Input: 90◦ bending angle, 0.5 Hz excitation frequency.
Load: RLoad = 0.1 MΩ - 6 MΩ
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Figure B.6: Output of MFC8514P2. Input: 90◦ bending angle, 0.5 Hz excitation frequency. Load:
RLoad = 1.4 MΩ
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Figure B.7: Power plot of MFC8514P2. Input: 60◦ bending angle, 0.5 Hz excitation frequency.
Load: RLoad = 0.1 MΩ - 6 MΩ
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Figure B.8: Output of MFC8514P2. Input: 60◦ bending angle, 0.5 Hz excitation frequency. Load:
RLoad = 1.4 MΩ
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Figure B.9: Power plot of MFC8528P2. Input: 90◦ bending angle, 1 Hz excitation frequency. Load:
RLoad = 0.1 MΩ - 10 MΩ
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Figure B.10: Output of MFC8528P2. Input: 90◦ bending angle, 1 Hz excitation frequency. Load:
RLoad = 0.4 MΩ
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Figure B.11: Power plot of MFC8528P2. Input: 60◦ bending angle, 1 Hz excitation frequency.
Load: RLoad = 0.1 MΩ - 10 MΩ
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Figure B.12: Output of MFC8528P2. Input: 60◦ bending angle, 1 Hz excitation frequency. Load:
RLoad = 0.4 MΩ
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Figure B.13: Power plot of MFC8528P2. Input: 90◦ bending angle, 0.5 Hz excitation frequency.
Load: RLoad = 0.1 MΩ - 10 MΩ
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Figure B.14: Output of MFC8528P2. Input: 90◦ bending angle, 0.5 Hz excitation frequency. Load:
RLoad = 0.8 MΩ
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Figure B.15: Power plot of MFC8528P2. Input: 60◦ bending angle, 0.5 Hz excitation frequency.
Load: RLoad = 0.1 MΩ - 10 MΩ
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Figure B.16: Output of MFC8528P2. Input: 60◦ bending angle, 0.5 Hz excitation frequency. Load:
RLoad = 0.8 MΩ
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