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“If you want to find the secrets of the universe, think in terms of energy,
frequency and vibration.”

Nikola Tesla





Preface

I’ve always wanted to be an inventor. There has always been this mysterious attraction
towards making new things that could do things that were not possible before. Ever since
I learned about the topic of energy harvesting, this inner spider-sense went off that told
me I wanted to build my own generators. Even after a thousand times, I am still excited
when I flip the switch of my first prototype and detect a minuscule flash of the LED. The
realization that you have just generated electrical power by rigorously shaking the device
back and forth remains one of the most rewarding experiences one can achieve.

My affinity with health care and interests in the field of medical technology lined up per-
fectly with the application of a generator that harvests energy from human motion to
power a hearing aid. Although this particular application will most likely not be realized
in the near future, the case provides an extremely interesting set of engineering chal-
lenges to be solved. Due to these challenges, human motion is not a particularly con-
venient source of energy, and the attempt to capture energy from it to power wearable
devices has even been referred to as a useless effort by some. Nevertheless, my convic-
tion that with a proper strategy and design the power output would converge towards
the theoretical limit formed the basis of a great persistence to continue on a project in a
field where virtually insignificant efficiencies are the state-of-the-art.

"It is until you make your own designs that you realize many things are the way they are
because somebody liked that particular choice"

Thijs Willem Albert Blad
Delft, October 2017
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Chapter 1

Vibration energy harvesting from
human motion

Thijs BLAD

“If you can’t explain it to a six year old, you don’t understand it yourself.”

Albert Einstein

This chapter introduces the reader to the topic of energy harvesting by explaining the ba-
sic principles and applications. Vibration energy harvesting is introduced as the main
research theme of this thesis and an overview of transduction processes is presented. The
case study of harvesting from human walking motion to power a hearing aid will be in-
troduced and the outline of the thesis is sketched.
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1.1 Introduction to energy harvesting

Energy harvesting is the name for a process that extracts energy from an ambient source
and uses it to generate electrical power. Excellent examples of this principle are the
’green-power’ solutions such as wind turbines, solar panels or hydro-powered dams.
These examples respectively use the ambient energy sources of gas flow, electromag-
netic radiation and fluid flow and convert them into electrical energy that can be used
to feed the power grid. Another example of an energy harvester is a an electricity gen-
erating road, which harnesses the vibrations induced by vehicles to produce electrical
power. On a smaller scale, the bicycle dynamo is an example of a human powered en-
ergy harvester which can be used to power the lights, or on-board electronics of the bi-
cycle. Other human powered applications can be found in various flashlights, which
are equipped with dynamos that provide power shaken, wound or squeezed by hand.
One of the earliest miniaturized applications of energy harvesting techniques to power
electronic devices is the crystal radio. This device, which was invented in the late 19th
century and could play radio signals over a set of earphones, was solemnly powered by
energy harvested from the radio waves themselves. A particularly elegant energy har-
vester is applied in the Seiko kinetic wristwatch, which is powered by the arm swinging
motion of the user and is one of the few examples of commercially applied energy har-
vesting from human motion.

A particularly interesting application was pointed out over 20 years ago, in 1996, by
Williams and Yates [1]. They argued that the techniques of energy harvesting could also
be applied to power micro-electromechanical systems (MEMS). Billions of those devices
were fabricated in the decades to follow and billions more will be fabricated in the fu-
ture. Electrochemical batteries are the to-go solution for powering all of those devices.
As a result of the finite amount of energy that can be stored in a battery, they have to be
recharged or replaced. The main advantage of energy harvesting boils down to the virtu-
ally unlimited amount of energy that can be extracted from environmental sources. As
a result, battery replacement can be postponed or eliminated which amounts to a huge
saving in maintenance costs and ecological ramifications.

Figure 1.1: Examples of energy harvester systems; (a) solar panel, (b) bicycle dynamo (c) kinetic wristwatch
mechanism [2–4].
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1.1.1 Applications and relevance

One of the most prominent applications of energy harvesters are the wireless sensor net-
works. These sensor networks can be applied for purposes such as structural health
monitoring, forest fire detection or air pollution monitoring and can therefore greatly
increase public safety. Currently, the greatest limiting factor for the mass scale applica-
tion of these sensor networks is the power supply.

Other applications of energy harvesting are low-power electronic devices at locations
that are difficult to access. Complete disassembly of a product may be required if the
batteries are inaccessible from the outside, and replacing the batteries of sensors at a
very remote location may require a costly expedition. Moreover, replacing the batteries
of a device inside the human body, such as a pacemaker, requires a surgery with all cor-
responding risks.

Lastly, the large-scale energy harvesting processes have received an increasing amount
of attention over the past decades as an alternative to fossil fuels due to themes such as
climate change, CO2 emissions. Altough their effects are huge compared to the minia-
turized generators, a great portion of the energy that was generated will be lost during
transport. Therefore, localized energy harvesting is not only a convenient way to power
the electronic devices of the future, it is also an efficient way to further reduce our energy
consumption by reducing the wasting of energy due to transport.

1.1.2 From ambient energy to useful power

Powering our devices with harvested energy requires the transformation of virtually use-
less energy from an ambient source into useful electric power. For this transformation
two things are fundamentally required: An ambient source with a relevant amount of
available energy and a harvesting device that can facilitate this transformation with a
relevant efficiency.

The ambient sources of energy where energy can be harvesting from are essentially of
four forms: solar, radio frequency (RF) electromagnetic radiation, thermal gradients,
and motion. In Tbl. 1.1 a number of these sources and harvesting techniques are com-
pared to energy storage methods. Of those sources direct sunlight contains by far the
most harvest-able energy. Moreover, this energy can typically be harvested at very rel-
evant efficiencies which makes this form of energy harvesting an excellent alternative
power source. However, the major flaw of this energy source is that the harvest-able
power rapidly diminishes when direct sunlight is not available, such as on cloudy days
and inside. Techniques for harvesting energy from RF electromagnetic radiation, as in
the example of the crystal radio, are very capable of reaching relevant efficiencies. How-
ever, the availability of harvest-able energy is highly dependent on the distance to and
the broadcasted power of the source. Since the broadcasting of RF energy is limited by
regulation this harvesting method is only suitable for extremely low power applications.
Thermal gradients can contain relevant power levels and have been successfully used
as a power source in military and aerospace applications. However, the efficiencies that
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are reached in the transformation of this power source are low and remain dependent
on environmental conditions which limits their practical use. The general opinion from
the literature is that while each application should be evaluated to find the best energy-
harvesting method, kinetic energy in the form of motion or vibration is generally the
most versatile and ubiquitous ambient energy source available [5].

Energy source Power density Power density
(µWcm−3) one year lifetime (µWcm−3) 10 year lifetime

Solar (outdoors) 150-15.000 150-15.000
Solar (indoors) 6 6
Vibrations (piezoelectric conversion) 250 250
Acoustic noise (75dB) 0.003 0.003
Acoustic noise (100dB) 0.96 0.96
Temperature gradient (10 K) 15 15
Heel strike 330 330
Batteries (regular) 45 3.5
Hydrocarbon fuel (micro heat engine) 333 33
Fuel cells (methanol) 280 28

Table 1.1: Comparison of power densities of various energy sources and harvesting technique (top) with
energy storage methods (bottom) [6].

1.2 Vibration energy harvesting

Any structure or system that moves, shakes, rotates or is subject to flow of fluid or air is
vibrating. These vibrations are a direct result of the mechanical energy that is stored in
the system. Given the right conditions, large amounts of energy can build up in a vibrat-
ing system. Vibrations are generally undesired as they may lead to instability and even
breakdown the system. Therefore, damping is often used to limit the energy that can
build up in vibrating systems by dissipating energy. Instead of dissipation of the vibra-
tion energy into mostly heat, the energy can be transformed into useful electrical energy.
This electrical energy can then be stored and used as a power source. The systems that
employ this process of ’recycling’ the energy in the vibrations of mechanical structure
are grouped by the term vibration energy harvesters (VEH) or generators. In essence,
a generator can fulfill two functions simultaneously: damping of undesired vibrations,
and the generation of useful power. This capability makes vibration energy harvesters
extremely interesting devices for a wide range of environments.

1.2.1 Transduction processes

The core of vibration energy harvesting devices is formed by a transducer. The trans-
ducer is an embodiment of one or more physical processes that convert the mechanical
vibrations to electrical power. These transduction processes exhibit a special coupling
between the mechanical and electrical domains. This coupling allows energy to flow
from one domain to the other. The four transduction processes that are commonly used
in vibration energy harvesters are piezoelectricity, magnetostriction, electrostriction and
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Process Physical domains Working principle
Piezoelectricity Mechanical, Charge generation resulting from deformation of a

electrical polarised atomic structure.
Magnetostriction Mechanical, Charge in a magnetic field strength due to mechanical

electrical, load, electromagnetic induction generates a current in
magnetic the surrounding coil.

Electrostriction Mechanical, A change in capacitance with a given electrical charge,
electrical resulting in a voltage change.

Electromechanical Mechanical, Electromagnetic induction of a coil passing through a
electrical, magnetic field.
magnetic

Table 1.2: A number of transduction mechanisms suitable for power harvesting [7]

electromechanical couplings. These processes, the physical domains which they inter-
act with and a brief summary of their working principles are presented in Tbl. 1.2.
Piezoelectricity is a form of coupling between the mechanical and the electrical behav-
iors that is observed in specific crystals, ceramics and polymers. The coupling con-
sists of the piezoelectric and the inverse piezoelectric effects that were discovered by
Pierre and Jacques Curie in 1880 and 1881. The piezoelectric effect describes the phe-
nomenon in which an electrical charge is induced on the material surface due to me-
chanical stress. As the name suggests, the inverse piezoelectric effect describes the phe-
nomenon in which strain is induced in response to an applied electric field. An example
of a piezoelectric transducer can be found in electric lighters.

Magnetostriction is the magnetic equivalent of the piezoelectric effect. In magnetostric-
tive materials a deformation is induced by placing them in a magnetic field. Its inverse
known as the Villari effect is the working principle for the magnetostrictive transducer.
Due to an applied mechanical stress the magnetostrictive material is magnetized. By
placing this material inside a conductive wire loop, a voltage can be induced.

Electrostrictive transduction processes rely on using a variable capacitor structure to
generate charges from a relative motion between two plates. By changing the distance
between or the overlap of the two plates, an electric voltage or current can be induced.
In order to provide transformation of relevant quantities of energy, the capacitor plates
must be precharged. The two commonly used methods for this are the use of a power
source that provides a voltage difference or the use of electret material which exhibits
this property itself. The voltage is limited by either breakdown of the dielectric medium,
or the attached circuit components.

Electromechanical couplings are the working principle of electric drives and dynamos.
Governed by Faraday’s law of induction, a changing magnetic field induces a voltage in
a conductor. In a dynamo, a permanent magnet is rotated within a coil of conductive
wire which results voltage over the terminals. Some electric cars cleverly demonstrate
this coupling in both ways: acceleration is facilitated by the motor using electric energy
from the battery, and electric energy is recovered when braking.
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Of all the transduction processes, piezoelectricity has received the greatest attention in
research and is generally considered to be the most promising transduction process for
miniaturized vibration energy harvesting devices. The main reasons for this are the large
power densities and ease of application [8].

1.3 Case study

The specific examples used throughout this thesis will be based on the case study of a
vibration energy harvester for a hearing aid that is powered by human walking motion.
Therefore, the vibration conditions in the human head area will be the targeted source
of mechanical energy. Furthermore, general user comfort requirements w.r.t. size and
weight will be taken into consideration in the design.

1.4 Thesis outline

In this thesis the main line of research is the vibration energy harvesting from human
motion. The following sub-topics are included in these lines of research. Vibration en-
ergy harvesting from multi-directional motion sources, harvesting from low-frequency-
large-amplitude vibrations, frequency up-conversion, compliant mechanisms and piezo-
electric transducers.

The second chapter of this work presents the resulting research paper of the literature
review phase on the topic of vibration energy harvesting from multi-directional motion
sources. In this chapter, a categorization, analysis and optimization of the strategies
to harvest from a 2D vibration environment are presented. This resulted in the develop-
ment of a design metric and corresponding flowchart to guide a designer in the selection
of a MDoF strategy. The process was demonstrated for the considered the case study and
it was found that under the optimal conditions the power output of a generator would
have an upper limit of 10mW. This was considered a workable figure for powering a
1mW hearing aid and it was concluded that the case study was feasible.

The third chapter covers the topics of harvesting from low-frequency-large-amplitude
vibrations, frequency up-conversion and compliant mechanisms. The analysis of this
chapter shows that the classical models from literature are unfit for the case study due
to a scaling problem in the transducer damping characteristics. To address this prob-
lem, a new concept based on the frequency-up conversion strategy is proposed, called
the parametric frequency up-converter (PFupCG). The background, design process and
mechanical analysis that led to this concept are presented in this chapter.

The results of the design phase are presented in the design paper that forms the fourth
chapter. In this paper, the PFupCG concept is presented along with a theoretical frame-
work and generalized model. Simulation of the model with a Q-factor of 0.2 for the vibra-
tion conditions of the case study showed that the PFupCG can have a significantly higher
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power output compared to the classical models when the scaling problem of the damp-
ing is considered in the analysis. Moreover, the dynamical properties of the PFupCG
were validated using a prototype and experiment.

The fifth and final chapter contains a critical reflection of the author on the process and
the results and present the conclusions, recommendations and directions of future work.

To preserve a clear focus on the main line of research and keep the thesis concise, work
that did not directly add to the main conclusions was not included in the thesis. In-
stead, the following appendices were added. Appendix A presents the resulting paper of
a collaboration project on the thermal damage of laser micro-machining piezoelectric
material. Appendix B shows schematics, drawings and methods that were used in the
design process. Appendix A demonstrates the practical work done in this project and
includes manufacturing methods, pictures of resulting prototypes and practical tips re-
garding the prototyping of energy harvesters. In Appendix D the technical drawings of
the final concept are included for reproduction. Appendices E and F describe the mod-
eling procedures used in the modeling of compliant flexures and piezoelectric transduc-
ers, respectively. Lastly, two tables with an overview of the literature search data are
presented in appendix G.





Chapter 2

Energy harvesting from
multi-directional sources

Thijs BLAD

"If I have seen further, it is by standing on the shoulders of giants."

Isaac Newton

In this chapter, the resulting research paper of the literature review phase on the topic of
vibration energy harvesting from multi-directional motion sources is presented. A cat-
egorization, analysis and optimization of the strategies to harvest from a 2D vibration
environment are presented. This resulted in the development of a design metric and cor-
responding flowchart to guide a designer in the selection of a MDoF strategy. The process
was demonstrated for the considered the case study and it was found that under the opti-
mal conditions the power output of a generator would have an upper limit of 10mW. This
was considered a workable figure for powering a 1mW hearing aid and it was concluded
that the case study was feasible.

Originally appeared as: "Design Metric for Vibration Energy Harvesting from Multi-Directional Motion
Sources" by T.W.A. Blad, D. Farhadi Machekposhti, J.L. Herder, A.S. Holmes and N. Tolou which was submitted
for review at the Journal of Smart Materials and Structures. The article was reformatted to fit the style of the
thesis.

9



Design Metric for Vibration Energy
Harvesting

from Multi-Directional Motion Sources
T.W.A. Blad, D. Farhadi Machekposhti, J.L. Herder, A.S. Holmes and N. Tolou

Abstract—Vibration energy harvesting can
be used as a sustainable power source for
various applications. Usually, the generators
are designed to harvest from a single degree of
freedom (SDoF) in the direction with the largest
vibration power. In this research, harvesting
from multi-directional translational motion
sources will be investigated. Three strategies are
assessed: a reference SDoF generator, a SDoF
generator using an orientation strategy, and a
Multi Degree of Freedom (MDoF) system. This
led to the development of a design metric and a
flowchart by which any 2D design problem can
be described by two dimensionless parameters:
the relative strength of vibrations, pv , and the
relative dimension of the design space, pl. It was
shown that the relative power density (RPD) of
a 2DoF system compared to a reference SDoF
system only depends on the product p∗ = pvpl,
and has a maximum of 1.185 for p∗ = 1.

The application of powering a hearing aid for
children is investigated as a case study. The
components of vibrations in the area of the
human head while walking are found to be
represented by a two-directional vibration source
with pv = 0.55. Three different design spaces are
assessed for a miniaturized generator and three
different optimal embodiments are found. For
one of the considered situations where p∗ = 1.1,
a 2DoF system was found to have a 16% higher
power output compared to a SDoF reference.

Index Terms—Vibration energy harvesting, Multi
degree of freedom, Multi-direction, Human mo-
tion, Head area.

I. INTRODUCTION

V IBRATION energy harvesting has been
investigated for over 20 years since

the early work of Williams and Yates in
1996 [1] which investigated the piezoelectric,
electromagnetic, and electrostatic transduction

mechanisms for the purpose of vibration-
to-electric energy conversion. Devices that
incorporating such a transduction mechanisms,
called vibration energy harvesters (VEH) or
generators have received much interest as
they may provide an alternative to batteries
in powering microelectronic devices such as
wireless sensors for biomedical applications.
The work at hand was motivated by the desire
to develop a VEH for the purpose of powering
a hearing aid for children. Children make
up 32 million of the individuals that suffer
from disabling hearing loss [2]. The impact of
hearing loss on these children is a significantly
reduced ability to communicate, which greatly
affects their ability to follow education, and
therefore, their future. Especially in developing
countries the dependency on batteries limits
the availability of hearing aids. Therefore, a
sustainable power source in the form of a
vibration EH can provide a resolution.

Three fundamental types of VEHs can be
identified: the velocity-damped resonant
generator (VDRG), the Coulomb-damped
resonant generator (CDRG) and the Coulomb-
force parametric generator (CFPG) [3]. Here,
the case of a VDRG at the location of the
human head that harvests from walking-
induced vibrations is studied. It was estimated
that in an ideal case up to 160mW can be
harvested from the vertical head movement
with a 5 cm3 device [4]. As hearing aids
typically require 1-2mW [5] they fall within
the scope of possibilities. However, in
practice ambient vibrations are not perfect
sinusoids, have varying frequencies and may

2
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have components along multiple orthogonal
directions [6]–[8]. Moreover, the SDoF devices
that are considered by the majority of EH
literature have the fundamental flaw that the
driving magnitude of the acceleration will be
reduced by the sine of the misalignment angle
between the vibration component and the DoF
of the device [9]. Therefore, two problems
emerge: firstly, only a single vibration
direction can be harvested, essentially wasting
the energy in orthogonal directions. Secondly,
in situations where the directions of the
vibrations are unknown or change over time,
the large misalignment angle with respect to
the vibration source will severely reduce the
performance of the EH.

To assess these problems a wealth of recent
research involved the development of MDoF
VDRGs [9]–[21] and CDRGs [22]–[36]. These
MDoF generators allow simultaneous energy
harvesting in multiple orthogonal directions.
As a result they are capable of providing out-
put power regardless of their orientation with
respect to the vibration source. Moreover, it
has been shown that by using a MDoF design
a broader bandwidth [37]–[39] and a higher
power output [40], [41] can be realized.
On-chip MEMS generators with surface areas
of 1mm2 have recently been demonstrated
to harvest power from vibrations in 2-D [23]
and 3-D [31] by means of an electrostatic
transduction mechanism. Larger scale devices
have shown to be capable of harvesting power
in the mW range [16], [20]. An overview of
the specifications of recently published MDoF
designs can be found in table I.

Despite these recent advances there is still a
lack of in-depth knowledge on how MDoF
EH will perform relative to their SDoF
counterparts. Moreover, to the best of the
author’s knowledge, no general guidelines
have been published that aid the designer in
identifying situations where MDoF harvesting
can be beneficial. This lack of knowledge can
result in the inability of the designer to see
the benefit of a MDoF system in the given
situations, or the application of MDoF systems

in situations where they are highly inefficient.

Therefore, the objective of this research is to
present a novel design metric for vibration
energy harvesting from a multi-directional
translational source. With this metric and
corresponding flowchart the designer can be
able to identify and quantify the situations
where MDoF systems are expected to
outperform SDoF systems in terms of power
density, and therefore design the proper system
for their particular case.

Part II will present a general method for the
assessment of energy harvesting from a multi-
directional translational source by means of
three strategies, and a theoretical maximum for
the relative power density (RPD) of a 2DoF
system compared to a SDoF system will be
derived. This method will be applied to a planar
case study in part III. Part IV will discuss
the found results, the design of a suspension,
non resonance applications and the challenges
that may arise upon implementation. Lastly,
the most important conclusions will be sum-
marized in part V.

II. METHODS

A. Calculation of output Power for a SDoF
VDRG

A single DoF energy harvester device can
be modeled by a mass-spring-damper system
consisting of a proof mass, m, and a housing
that are connected by a spring, k, and a damper,
c, in parallel as shown in Fig. 1.

Fig. 1: The harvesting of energy from movement
can be modeled by a mass-spring-damper system.

In this model the proof mass oscillates due
to excitation of the housing and the energy
harvesting transduction process is modeled by

2
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TABLE I: Overview of recent publications in the field of MDoF energy harvesting; TD = transduction
mechanism, M = electromagnetic, S = electrostatic and P = piezoelectric.

Source Year TD DoF Frequency
[Hz]

Acceleration
[g]

Area
[mm2]

Volume
[cm3]

Power
output [W]

Crovetto et al. [23] 2013 S 2 179 0.03 1.0 3.3E-08
Tao et al. [31] 2014 S 3 66 0.05 1.2 4.8E-09
Wu et al. [16] 2014 P 2 37 0.2 260 2.9E-03
Aktakka et al. [10] 2015 P 3 387 0.05 2.5 5.3E-05
Gutierrez et al. [11] 2015 M 2 8.2 0.2 1.2 1.0E-04
Tao et al. [32] 2015 S 2 125 0.2 3.6 1.2E-07
Zhao et al. [20] 2016 P 3 16 0.5 13 3.3E-04

the damper. The dynamics of the system are
described by the following equation of motion
[42].

mẍ+ cẋ+ kx = −mẍb. (1)

Where c is the damping coefficient, k the
spring stiffness and x = xm − xb the relative
displacement which is defined as the difference
between the displacement of the mass, xm, and
the displacement of the housing, xb. During
periodic movements such as walking, the vi-
bration of the housing, which is connected to
the head, can be modeled by a sinusoid with
amplitude , X , and frequency , ω. Following
the derivation of Goll et al. the power output
of a VDRG at resonance can be found by the
following equation [4].

P =
ω3mX2

4ζ
, (2)

Where ζ is the damping ratio of the system.
Under the assumption of no parasitic damping
the power output is limited by the maximal
stroke, Sx, of the proof mass [3]. The corre-
sponding damping factor is given by Eq. 3.

ζ =
X

2Sx
. (3)

With this damping factor the maximal power
can be found for an input vibration with a
frequency and amplitude for a given stroke
and mass. Since frequency and RMS acceler-
ations, Ax,RMS, are often measured to classify
the power in the ambient vibrations, the for-
mulation can be rewritten using the relation
Xω2 =

√
2Ax,RMS. Therefore, the following

formulation can be used:

P =

√
2

2
ωAx,RMS mSx. (4)

B. Expansion to multi-directional translational
sources

Ambient vibrations may occur in up to three
orthogonal directions and can be modeled as
vectors, ~vi.

|~vi| = ωiAi,RMS. (5)

The frequencies and accelerations that deter-
mine the magnitudes of the vectors ~vi are
unique for every environment and can be found
from literature or experimentally as discussed
in section III-A. The vectors are ranked based
on their magnitudes such that |~v1| > |~v2| >
|~v3|. Likewise, up to three orthogonal DoF of
the EH can also be modeled as vectors, ~εj .

|~εj | = mSj . (6)

The orientations and magnitudes of ~εj are
dependent of the material and geometry of the
device and are primarily limited by the de-
sign space. Under the assumption that spring-
damper systems do not have a volume claim
the design space can be used for either more
mass or longer strokes. For the general case of
a design space with dimensions l1 x l2 x l3
and a system with strokes of S1, S2, S3 the
inertia of a proof mass with a density of ρ can
be found.

m = ρ(l1 − 2S1)(l2 − 2S2)(l3 − 2S3). (7)

Therefore, the vectors ~εj

|~εj | = ρ(l1−S1)(l2−2S2)(l3−2S3) Sj . (8)

This results in a general expression for the
power output of an arbitrary energy harvester
with N DoF exposed to ambient vibrations in
three directions:

2
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TABLE II: Systems can be categorized in three categories depending on the strategies they use to
harvest ambient vibrations. The first category systems harvest only from the vibration direction that
is aligned with their DoF. The second category and third categories contain systems that can harvest
from a multi-directional source. This is done by employing an orientation strategy or using a MDoF
system, respectively.

Category Harvester DoF ~εj Harvest able directions ~vi Schematic representation Vector representation
Reference Single, ~ε1 Single, ~v1

Orientation strategy Single, ~ε1 Multiple, ~v1, ~v2

MDoF systems Multiple, ~ε1, ~ε2 Multiple, ~v1, ~v2

Pgeneral =

√
2

2

N∑

j=1

3∑

i=1

~εj · ~vi. (9)

C. Performance assessment of strategies for
harvesting from vibrations in multiple direc-
tions
When considering harvesting from multi
directional motion sources the systems can be
categorized based on the strategy that is used
to harvest energy from the ambient vibrations.
Three categories are identified: a reference,
SDoF systems using an orientation strategy
and the MDoF systems.

1) Reference category: This category contains
the systems with a single DoF , ~ε1, that har-
vest power from a single-directional vibration
source , ~v1. Hence, the system has only one
nonzero stroke, S1, and Eq. 8 can be simplified.

|~ε1| = ρl2l3(l1S1 − 2S2
1). (10)

The maximum for |~ε1| can be found for S1 =
l1
4 . Furthermore, the DoF is aligned with a
single vibration source and as a result the
maximal harvested power can be found.

Preference =

√
2

2
|~ε1||~v1| =

√
2

16
ρ l21l2l3 |~v1|.

(11)

2) Orientation strategy: In this category the
SDoF systems, ~ε1, are found that harvest en-
ergy from a multi-directional vibration source,
~vi. Similar to the first category, these system
have only one nonzero stroke, S1, and Eq. 10
can be used to find ~ε1. The difference with
the reference category is that the DoF may be
oriented arbitrary. Therefore, the power output
can be found by the sum of the projections of
all vibrations on the DoF of the system:

Porientation =

√
2

2

3∑

i=1

~vi · ~ε1. (12)

For these systems the orientation of the DoF
is a design variable, which means that it can
be optimized for maximum power output. This
optimal direction is found through means of
a principle component analysis (PCA) on the
data of ambient vibrations. From the PCA a set
of orthogonal vectors is found, called principle
components, that describe the original data.
The first principle component contains most
variance and the last principle component
contains least. For maximum power output
the DoF of the system should be oriented in
the direction of the first principle component.
Furthermore, it is assumed the design space as
a whole can be rotated in the direction of the
DoF such that the same method as described
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under the reference category can be used
without violating the geometrical constraints.

3) MDoF systems: This category contains sys-
tems with multiple DoF, ~εj that harvest energy
from a multi-directional vibration source, ~vi.
The general formula for the power that can be
harvested with a N DoF system was given in
Eq. 9. Simplifying to a planar case with two
translational DoF, ~ε1, ~ε2, leaves two nonzero
strokes, S1, S2. Therefore, the following equa-
tions are obtained from Eq. 8.

|~ε1| = ρl3(l2 − 2S2)(l1S1 − 2S2
1), (13)

|~ε2| = ρl3(l1 − 2S1)(l2S2 − 2S2
2).

For a bi-directional vibration source with 2
components, ~v1, ~v2, that are aligned with the
harvester DoF the output power of the system
can be found.

P2DoF =

√
2

2
(|~ε1||~v1|+ |~ε2||~v2|), (14)

=

√
2

2
ρl3(l1 − 2S1)(l2 − 2S2)

(
S1|~v1|+ S2|~v2|

)
.

Stationary points can be found for S1 and S2

resulting in the following expressions.

S1 =
1

4
l1 −

1

2
S2
|~v2|
|~v1|

, (15)

S2 =
1

4
l2 −

1

2
S1
|~v1|
|~v2|

.

Substituting finds the optimum values for S1

and S2 for the given design space dimen-
sions, l1, l2, and ambient vibration strengths,
|~v1|, |~v2|.

S1 =
1

3
l1 −

1

6

|~v2|
|~v1|

l2, (16)

S2 =
1

3
l2 −

1

6

|~v1|
|~v2|

l1.

The result of Eq. 16 is accurate as long as S1 >
0 and S2 > 0. Effectively, this does not apply
to scenarios where one of the dimensions is
considerably larger or one of the vibrations is
considerably stronger. In these scenarios one

of the strokes becomes zero and a system of
the first category is obtained. However, when
nonzero values are found for both S1 and S2

the maximal harvest able power of the system
can be found by the following equation.

P2DoF =

√
2

108
ρl3

(l1|~v1|+ l2|~v2|)3
|~v1||~v2|

. (17)

D. Relative power density as a general de-
sign metric for comparison of strategies when
harvesting from a multi-directional vibration
source

A general design metric is developed for 2DoF
case to help the designer select a strategy
for harvesting from a bi-directional vibration
source. First, two dimensionless parameters are
introduced: the relative vibration strength, pv =
| ~v2|
| ~v1| , and the relative design space dimensions,
pl =

l2
l1

. Using the product of these parameters,
p∗ = pvpl, the output power of a 2DoF system,
given by Eq. 17, can be compared to the output
power of a SDoF system, given by Eq. 11. As
a result, the relative power density (RPD) can
be found.

RPD =
P2DoF

Preference
=





4
27

(p∗+1)3

p∗ if 0 ≤ p∗ ≤ 1,

4
27

(p∗+1)3

(p∗)2 if 1 ≤ p∗ ≤ 2.

(18)

This metric is visualized in the Fig. 2. In
the top plot, a surface of the parameters pv
and pl is shown such that contours of equal
p∗ are obtained. The numbers on the contour
lines, and the vertical axis of the bottom plot,
represent the RPD.

E. Flowchart for designers

According to this metric the flowchart shown
in Fig. 3 can be developed to provide a simple
guideline for the designer. First, effort should
be made to classify the vibration source in
terms of the vectors ~vi. If it is found that |~v1|
is significantly larger than |~v2| the source can
be considered as a single-directional vibration
source. Therefore, a SDoF system should be

2

14 2. ENERGY HARVESTING FROM MULTI-DIRECTIONAL SOURCES



1

1

1.05

1.05

1
.1

1.1

1
.1

5

1.15

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Relative vibration strength p
v
 = v

2
/v

1
 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

R
e

la
ti
v
e

 d
e

s
ig

n
 s

p
a

c
e

 d
im

e
n

s
io

n
s
 p

l =
 l

2
 /

 l
1
  

0.5 1 1.5 2

p
*
 = p

l
 * p

v
 

1

1.02

1.04

1.06

1.08

1.1

1.12

1.14

1.16

1.18

1.2

P
2

D
o

F
/P

re
fe

re
n

c
e

Fig. 2: Any design problem can be quantified by
the two dimensionless parameters, pv and pl, and
their product p∗. The RPD as calculated by Eq.
18 can be shown as a surface of pv and pl (top),
or function of p∗(bottom). It can be seen that Eq.
18 has a maximum of 1.185 for p∗ = 1.

designed with its DoF aligned with ~v1. How-
ever, if it is found that a relevant amount
of power is available in both directions the
source must be considered as multi-directional.
Next, the design space should be assessed. If
the design space can be rotated in arbitrary
directions, the orientation strategy is favored.
In the other case the condition formulated in
Eq. 19 should be evaluated. If this condition
is satisfied, a 2DoF system should be designed
since RPD > 1.

1

2
< p∗ < 2. (19)

III. RESULTS

A. Obatining ambient vibration data

For the case study of this research vibrations
in the area of the human head during walk-
ing are studied. Scientific publications were

Fig. 3: Flowchart developed to aid the designer
in selecting a strategy to harvest from ambient
vibrations.

searched in the databases of Google Scholar,
Scopus, Web of Science and PubMed using the
terms human motion, walking, gait, head area,
acceleration, energy harvesting. The following
criteria were used to include publications in the
dataset.
• The publication must contain measure-

ments on frequency and RMS acceleration
or frequency and vibration amplitude.

• Vibrations must be measured in three or-
thogonal directions under the same condi-
tions.

Frequency and acceleration data was extracted
from 11 publications [43]–[53] using the
methods shown in table III for vibrations in
anterior-posterior, AP , mediolateral, ML,
and caudal-cranial, CC, directions. These
directions are represented by the x, y and z
axes, respectively.

From PSD diagrams of the vibrations recorded
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TABLE III: Methods of data analysis used to
generalize the information found in scientific
publications. Quantities for the frequency, F ,
linear acceleration, A, and amplitude, d, are
given in SI units; the step frequency, f , in steps

s
and the acceleration, a, in g.

# Formula Applied to
(1) F = 2πf All
(2) F = πf All
(3) A = 9.81 · a [44]–[47], [50], [52]
(4) A = 1√

2
· (F )2 · d [43]

during walking was found that AP and CC
directions show their largest peak at the step
frequency and ML direction shows its largest
peak at half the step frequency [43], [54]–[56].
Therefore, methods (1) and (2) are used to find
the predominant signal frequency. Since ac-
celerations are usually presented in g, method
(3) is used to convert to SI units. Lastly, the
vibrations are assumed to be of sinusoidal
nature, consequently the acceleration can be
calculated by multiplying the amplitude by the
frequency squared as shown in method (4).
The frequencies and accelerations in the vi-
bration signals are shown in the scatter plot
in Fig. 4. The frequencies in AP and CC
direction have a mean and standard deviation of
1.84±0.33Hz and in ML direction the frequen-
cies are half of these 0.92 ± 0.16Hz. The ac-
celerations were found to be 1.28±1.08m s−2

in the AP direction, 0.88 ± 0.49m s−2 in the
ML direction, and 2.46±1.39m s−2 in the CC
direction.

B. Harvesting strategy selection

From the results of the literature search ~vi can
be determined. Mean values of 15.9m s−3,
5.3m s−3 and 30.4m s−3 were found for ~vx,
~vy and ~vz , respectively. It was found that the
vibrations in z and x direction contain relevant
harvest able power. Therefore, these directions
are selected as ~v1 and ~v2 and relative vibration
ratios ranging from pv = 0.36 to pv = 0.63
were found.

The metric described in the previous section
can be applied to this case study. Fig. 5
shows the contours of the RPD for the two
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Fig. 4: Scatter plot of the frequencies and RMS
accelerations found in the vibrations of the head
during walking. Vibrations in z and x directions
are identified as ~v1 and ~v2, respectively.

dimensionless parameters pv and pl. The area
that includes the values for pv representative
for this case study is marked with blue. We
consider three cases with a value of pv = .55
and values for the other dimensionless
parameter of pl = .5, pl = 2 and pl = 4.5.

For a device with a proof mass made out of
steel with a density of ρ = 8.05× 103 kgm−3,
a total device volume of 10 cm3 and a thickness
of l3 = 5mm the resulting dimensions and
power outputs are given in table IV. It can be
seen that in the case of pv = 2 an RPD of 1.16
was found.

TABLE IV: Power assessment for the three
considered design spaces for a 10 cm3 generator.
It can be seen that in the second scenario a 16%
increase in output power can be achieved by
using a 2DoF system.

Case Dimensions l1 x l2 x l3 Harvester type Mass Power output
pl = .5 44.7 x 22.4 x 10 mm SDoF (z) 40.3 g 9.68mW
pl = 2 22.4 x 44.7 x 10 mm SDoF (z) 40.3 g 5.06mW

22.4 x 44.7 x 5 mm 2DoF 35.8 g 5.88mW
pl = 4.5 14.9 x 67.1 x 10 mm SDoF (x) 40.2 g 7.59mW

When the orientation strategy is considered the
DoF of the harvester should be oriented in the
direction of the first principle component, ~PC1.

~PC1 =

[
0.5891
0.8081

]
. (20)

Under the assumption that the design space
may be rotated such that the largest direction
is aligned with ~PC1 the power output in the

2

16 2. ENERGY HARVESTING FROM MULTI-DIRECTIONAL SOURCES



1

1

1.05

1.05

1.1

1.1

1.15

1.15

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Relative vibration strength pv = v2/v1

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5
Re

la
tiv

e 
de

si
gn

 s
pa

ce
 d

im
en

si
on

s 
p

l =
 l 2 /

 l 1

Case Study: Human Head Area

III

II

I

III

II

I

Fig. 5: Case study of vibrations in the area of the human head during walking are indicated with
the blue area. Three embodiments of harvesting systems are suggested and their power outputs are
assessed in table IV. It can be seen that in scenario II a 2DoF system outperforms a SDoF system
in terms of power output.

cases pl = .5 and pl = 2 are equal and found
to be 10.92× 10−3 W.

IV. DISCUSSION

In the method section it was found that the
situations where a 2DoF system outperforms a
reference SDoF system can be identified by Eq.
19, and quantified by the RPD. In the results
section this was confirmed for a situation of
p∗ = 1.10 when a 16% increased power output
was found for the 2DoF system compared to
the reference SDoF. Furthermore, it was found
that in any situation that allows rotation of the
design space an orientation strategy would pro-
vide the most power output. The values that are
presented here, however, are theoretical max-
imum assuming perfect operating conditions.
In this section, the practical validity of these
assumptions will be assessed. Furthermore, the
design metric will be used to evaluate the prior
art and the results of the case study will be
discussed.

A. Resonance operation
In the analysis the power output was calcu-
lated at the resonance condition of a VDRG.
Depending on the application and the vibra-
tion source, operation at resonance may not
always be guaranteed and could result in re-
duced power output. In the case studied in
this research the human walking motion acts
as the vibration source. It was found that
this particular source is characterized by low
frequencies and large amplitudes relative to
the internal stroke of a miniaturized generator.
As a result, the system is of an over-damped
nature and is characterized by a low and wide
frequency response compared to the high and
thin resonance peaks found in most industrial
applications. Therefore, slight deviations of the
source frequency will not result in large drops
of output power.

B. Orientation strategy implementation
Using an MDoF generator allows energy har-
vesting in multiple axes such that multi-
directional sources can be harvested more effi-
ciently, and the system becomes more robust
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to a misalignment between the source and
the DoF. However, a MDoF system requires
nonzero strokes in multiple directions which
reduces the total mass of the system. Since
mass is proportional to the available maxi-
mum power, this will reduce the power output.
Therefore, a generator using the orientation
strategy may perform better since it has only a
single DoF and harvests the projected power of
the vibration signals upon this DoF. However,
this projection treats the vibration as a vector
and does not take into account the frequencies
and phases of the real signals. For two vibra-
tions signals of equal frequency but with a shift
in phase a trajectory, known as a Lissajous
figure, can be found. Within this trajectory a
line can be drawn that resembles the DoF of
the harvester. The power output for such a
harvester is proportional to the length of the
line. In Fig. 6 the trajectories and correspond-
ing harvester axis are plotted for the case of
pv = .55, corresponding to the case study of
vibrations in the area of the human head, for
phase shifts of 0, 45 and 90 degrees. It can
be observed that most power can be harvested
from vibrations that are in phase, and that a
phase shift results in an overall lower power
output. In the special case of a 90 degrees
phase shift between the vibration signals, the
orientation strategy provides no benefit over the
regular SDoF system.
When the vibration signals are of a differ-
ent frequency their combined signal cannot be
harvested efficiently since the suspension can
only have one natural frequency. Therefore, an
auxiliary frequency up-conversion mechanism
could be used to increase the frequency of
the lower vibration signal by a certain factor.
However, the practical feasibility of such a
solution will generally be inferior to using a
MDoF system.

C. MDoF complexity and suspension design

Inevitably, a MDoF system requires the design
of a more complex transducer and suspension
structure, thereby sacrificing mass. During the
analysis the simplification has been made of a
zero volume claim transducer and suspension
structure. Although the volume claim of the

(a)

(b)

(c)

Fig. 6: Different trajectories designed to harvest
from 2 vibrations with a phase shifts. The arrow
indicates the optimal alignment of the DoF for
phase shifts equal to (a) 0 degrees, (b) 45 degrees
and (c) 90 degrees

suspension is completely dependent on the
design, some general remarks can be made
to assess the validity of this simplification
for the SDoF and MDoF systems. For any
resonant generator to operate efficiently the
resonance frequency of the suspension must
match the frequency of the target ambient
vibration. For smaller devices this means that
the suspension must have a very low stiffness,
due to the smaller masses. For instance to
obtain a resonance frequency of 2Hz for a
device mass of 40 g a stiffness of 6.3Nm−1

is required.
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Fulfilling these requirements in a minimal vol-
ume can be achieved by a compliant design,
where flexures facilitate the stiffness. The stiff-
ness of these flexures can be found from the
Euler - Bernoulli beam theory.

k =
Ebh3

4L3
, (21)

Examples of suspension designs for a SDoF are
a planar system with two parallel flexures [57]
and an out of plane system with a cantilever
beam [58] as shown in Fig. 7a and b, respec-
tively. In both cases, only a small portion of
the design space is required for the suspension
which justifies the assumption of a zero volume
claim suspension. A MDoF suspension can be
obtained by combining multiple SDoF systems
in series. In this particular case, the base of
the cantilever can be placed within the planar
system, creating a 2 DoF generator that can
harvest from both in-plane and out-of-plane
vibrations without sacrificing a large portion of
the volume for the suspension.

(a) (b)

(c)

Fig. 7: Proposed designs for the suspension for
1 DoF energy harvesting system; Planar system
with parallel flexures (a) and out of plane system
with a cantilever beam (b). Combining these
designs can result in a 2 DoF system (c). Choosing
the right flexure dimensions these suspensions
can facilitate the stiffness required for a 2Hz
resonance frequency.

D. Other applications of orientation and
MDoF strategies

In the design metric presented in this paper the
strategies of orientation and MDoF strategies
are assessed for the power density of a VDRG.
However, also CDRGs and CFPGs may ben-
efit from these strategies in terms of power
density. For example, a bistable generator may
overcome a higher potential barrier when a
higher accelerations is achieved by combining
multiple vibration directions, resulting in more
power output. Furthermore, apart from an in-
creased power density, other motivations can
be found for employing these strategies such
as insensitivity to the direction of vibrations
[9], increased robustness [59] and a wider
bandwidth [35].

E. Evaluation of prior art

In a previous study by Smilek et al. (2015)
[54] a SDoF harvester was developed to
harvest from human walking motion for a
design space with equal dimensions in both
the vibration directions (pv = 1). The 2 cm3

device was able to harvest up to 225 µW.
Assuming the vibration data presented in
this research, a 2DoF device of the same
dimensions is expected to harvest about equal
power. Therefore, selecting the simpler SDoF
design is a good choice.

Another situation occurs when the cantilever
based designs, such as shown in Fig. 7 are
evaluated. Since these designs generally
involve long and slender cantilever beams they
commonly have high values for pl. Therefore,
inefficient designs can be obtained very easily
according to the metric presented in this paper.
In these situations, it may be beneficial for the
designer to design a MDoF system, or look
into other options for the suspension.

Zhao et al. (2016) [20] present a harvester that
uses the MDoF strategy to harvest from human
walking motion. The 12.8 cm3 cylindrical har-
vester with relative dimensions of pv = .57 was
estimated to harvest in the order of magnitude
of 100 µW. Again, assuming the vibration data
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presented in this research, it can be seen that
in this case the MDoF strategy resulted in an
inefficient system. In both cases a better power
density could be obtained if the design metric
presented in this research was applied.

F. Powering a hearing aid

The results show that in the first considered
design space scenario a maximum of 10mW
can be harvested during walking. Therefore, to
power a 1mW hearing aid for 16 hours a day,
the person has to walk for 1.6 hours every day
under the assumption that the remaining energy
can be stored.

V. CONCLUSION

Vibration energy harvesting from human
motion can be used as a sustainable power
source for biomedical sensors. Despite these
recent advances there is still a lack of in-depth
knowledge on what strategies the designer
should use to obtain maximum power density
when harvesting from multi-directional motion
sources.

Therefore, this research has presented a
novel design metric by which the designer
can classify a 2D situation by evaluating
two dimensionless parameters: the relative
vibration power, pv , and the relative design
space dimensions, pl. It was shown that
the RPD of a 2DoF system compared to a
SDoF system only depends on the product
p∗ = pvpl, and has a maximum of 1.185
for p∗ = 1. Moreover, designers can use
this metric and corresponding flowchart to
identify and quantify the situations where
2DoF systems are expected to outperform
SDoF systems in terms of power density, and
as a result design the proper system for their
particular case.

A case study on the vibrations in the area of
the human head while walking is conducted
and the application of powering a hearing aid
for children is investigated. Classically, only
the direction with the largest vibration power
is harvested, effectively wasting the energy of

ambient vibrations in orthogonal directions. In
this research it was found that vibrations in
both CC and AP can be harvested and their
relative power was found to be pv ≈ .55. Three
cases of pl are assessed for a 10 cm3 generator
and three different optimal embodiments can
be found. It was found that in the considered
situation where p∗ = 1.1, a 2DoF systems
may provide up to 16% more output power
compared to a SDoF system.
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Chapter 3

Mechanical analysis and design
process

Thijs BLAD

"Everything is theoretically impossible, until it is done."

Robert A. Heinlein

In this chapter, a mechanical analysis of the vibration energy harvester is presented based
on three functions. The case study of a miniaturized generator for human motion is con-
sidered, and the relevant design considerations for the parts fulfilling the functions are
discussed. The parts were integrated in a system concept called the parametric frequency
up-converter generator (PFupCG).
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3.1 Introduction

Ultimately, vibration energy harvesters are devices that convert mechanical energy of
a driving vibration to an electrical output power. The intermediate steps in this pro-
cess, however, may be realized in many different ways. For instance, two examples of
energy harvesters from literature are the electromechanical resonant generator and the
shoe-mounted piezoelectric devices shown in Fig. 3.1. These generators use completely
different ways to facilitate the energy harvesting process, but both end up generating
electrical energy from a mechanical vibration.

In this chapter, a detailed mechanical analysis of the energy harvesting process will be
presented. The approach for this analysis is based on the energy flow through the gener-
ator. The points where this energy flow is manipulated will be identified as the functions
of the energy harvester system. The solution space of possibilities to fulfill these func-
tions will be categorized as a system of strategies and sub-strategies. From this classifi-
cation a strategy will be chosen based on the boundary conditions of the case study.

(a) (b)

Figure 3.1: Examples of vibration energy harvesters from literature; (a) micro electromechanical resonant
generator [9], (b) piezoelectric patches in shoe sole [10].

3.2 Mechanical analysis of the vibration energy harvester

The working principle of a vibration energy harvester can be described by analyzing the
energy flow through the device. In this method, the energy flow can be pictured as a
block diagram where the blocks resemble manipulations of the energy flow. For exam-
ple, the electromechanical resonant generator of Fig. 3.1 uses the inertial effects of a
mass to obtain relative motion within the device (kinetic energy) from the driving vibra-
tion. As a result, the device begins to resonate, a process where the energy is constantly
exchanged between kinetic and elastic energy. This process acts as a storage of energy
within the device, where energy is added due to the vibration, and extracted due to the
transducer. The magnet and coil transducer executes the last part in the energy flow: the
transduction from kinetic energy to electrical energy. In the shoe mounted generator a
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piece of piezoelectric material is deformed (elastic energy) due to the driving vibration.
Electrical energy is generated from the time varying deformation as a result of the piezo-
electric effect.

Although these generators are vastly different, they exhibit similarities in their energy
flow and points at which this flow is manipulated. These similarities can be general-
ized, and by doing so the energy flow model shown in Fig. 3.2 was constructed. This
block scheme model consists of three blocks and can be used to describe the energy
flow through an arbitrary vibration energy harvester. In this model an arrow represents
an energy flow and a block represents a manipulation of the energy flow. In all cases
of vibration energy harvesters, energy enters the system from the vibration source and
leaves the system as either electrical output power or losses. In this model, the manip-
ulations of every infinitesimal amount of energy in the total energy flow are lumped in
three manipulations.

The first manipulation occurs when energy is extracted from the vibration source (i.e.
energy from the vibration enters the system). Once inside the system the energy is ma-
nipulated for a second time, which can be understood as the transmission of energy to
the transducer inside the system. Finally, in the third manipulation the energy is the
transduction process where energy leaves the system. These three manipulations of en-
ergy can be seen as the functions of the vibration energy harvester. Therefore, three
functions are identified and numbered F1, F2 and F3 and named transfer, transmit and
transduce, respectively.

F 1: Transfer of energy from the vibration source in to the system.

F 2: Transmit energy inside the system.

F 3: Transduce energy out of the system to useful output power.

Vibration
Source

Output
Power

Transfer Transmit Transduce

Losses

System

Energy
System

Energy System

Energy

Figure 3.2: Energy flow model of the vibration energy harvester.
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3.2.1 Transfer

The first block in the energy flow model governs the extraction of energy from the driving
vibration to induce relative motion within the generator. In general, the energy that goes
into the system as a result of this block can always be calculated using the force-distance
integral.

W =
∫
~F d~s (3.1)

Where d~s is the relative motion within the system, and ~F is the force that acts on the
point where relative motion is induced. The relative motion can be obtained by directly
driving one point of the system and fixing another (direct-force generators), or by driving
the entire system and using inertial forces to obtain relative motion (inertial generators).
In the direct-force generators, the relative motion is equal to the amplitude of the vibra-
tion and the force results from the deformation of the material between the attachment
points. In the inertial generators the force that is generated depends on the mass of the
inertial element, m, and the acceleration of the driving vibration. Assuming that the
driving vibration can be expressed as y = Y0 sin(ωt ) where Y0 is the amplitude and ω is
the frequency, the acceleration can be found by deriving twice.

ÿ = Y0ω
2 sin(ωt ) (3.2)

The relative motion of the inertial generator can be found by solving the differential
equation corresponding to the physical system. This process will be demonstrated us-
ing the mass-spring-damper model of Fig. 3.3. In this model, the energy harvester con-
sists of a proof mass, m, and a housing that are connected by a spring, k, and a viscous
damper, c, in parallel. The relative motion of the device, z = x−y , is found by subtracting
the motion of the housing, y , from the motion of the proof-mass, x.

Figure 3.3: Mass-spring-damper model of the vibration energy harvester
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The differential equation for the motion of the mass with respect to the frame is given

by the following equation. This equation is normalized by substituting ωn =
√

k
m and

ζ= c
2mωn

. These variables are the natural frequency and the damping factor, respectively.

z̈(t )+2ζωn ż(t )+ω2
n z(t ) = Y0ω

2 sin(ωt ). (3.3)

By using the Laplace transform, the transfer function from the base motion, Υ(s) to the
relative motion, Z (s), is found.

Z (s)

Υ(s)
= −s2

s2 +2ζωn s +ω2
n

(3.4)

The amplitude, Z0 = Y0

∣∣∣Z (iω)
Υ(iω)

∣∣∣, and the phase shift, φ = ∠Z (iω)
Υ(iω) , of the relative motion

can be found from the magnitude and the phase of the transfer function at s = iω. In Fig.
3.4 a magnitude plot is shown for a number of transfer functions with various levels of ζ.

z(t ) = Z0 sin(ωt +φ) (3.5)

From the figure can be seen that the relative motion is greatly dependent on the fre-
quency of the driving vibration. When the frequency of the driving motion approaches
the natural frequency of the generator the relative motion is amplified as a result of res-
onance. Generators that aim to utilize the resonance phenomenon are the resonant gen-
erators. The non-resonant parametric generators do not use this phenomenon. The en-
ergy that is supplied to the inertial generator over a period, T , as a result of the driving
vibration is given by the following equation.

dW = mÿd z

W =
∫ T

2

− T
2

m
[
−ω2Y0 sin(ωt )

][
ωZ0 cos(ωt +φ)

]
d t (3.6)

28.16.14.12.118.06.04.0
10-1
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Figure 3.4: Magnitude plot of transfer function for various damping ratio’s.
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3.2.2 Transmit

The second block in the energy flow model governs the transmission of energy within
the system. The input of this block is the energy contained in the relative motion of the
system, and the output of this block is the energy flowing to the transducer. The solu-
tion space for this function can be split in two categories: the coupled generators and
the non-coupled generators. The non-coupled generators have their transducers con-
nected directly to the part of the system where relative motion is induced by the driving
vibration, such as the case in the mass-spring-damper system of Fig. 3.3. The coupled
generators are characterized by a coupling which separates the transduce function from
the transfer function. In these types of devices, energy must be transmitted from the
parts where relative motion is induced to the parts where the transduction mechanisms
are located.

One key aspect of the coupled generators is that they allow for a strategy called frequency
up-conversion (FupC). In this strategy a low-frequency input motion is converted in a
high-frequency output motion. The key benefit of the high-frequency motion is that
the amplitude is much smaller compared to the low-frequency motion, which makes
efficient transduction much simpler [11].

3.2.3 Transduce

The final block in the energy flow model is the transduction process that converts me-
chanical energy in the device to electrical output power. The three most commonly
used transduction processes are the electromechanical, piezoelectric and electrostatic
processes. A concise analysis that captures the most important fundamental aspects of
those processes will be presented, but for a more elaborate analysis the reader is referred
to the accompanying sources. The electromechanical transduction process is governed
by Faraday’s law, which states that the generated voltage of is proportional to the rate
of change in the magnetic flux. Typically, a permanent magnet and coil are used in this
transducer such that the voltage is proportional to the relative velocity between the mag-
net and the coil [12, 13]. The induced voltage, V , and the damping force, F , are therefore
given by the following equations, where l is the average length of the winding, N the
number of windings and R the resistance of the coil.

V = N l B ż (3.7)

F = (N l B)2

R
ż (3.8)

The electrostatic transduction process has two different modes of operation: Constant
charge mode, where the relative motion changes the distance between two parallel plates
and constant voltage mode, where the relative motion changes the area of overlap be-
tween the parallel plates. The latter mode is most commonly used in miniaturized gen-
erators and known as the comb drive. The following set of equations governs this mode,
[14, 15] where Q is the charge difference on the capacitor plates, ε the permittivity of the
medium between the plates, l the overlap length and w the gap between the plates.
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V = lQ

εw z
(3.9)

F = −lQ2

2εw z2 (3.10)

The electromechanical coupling of the piezoelectric material can be described by the
two constitutive equations for linear piezoelectric material [16]. The equations Eq. 3.11
and Eq. 3.12 are known as the piezoelectric actuator and sensor equations, respectively.
Where S is mechanical strain, T applied stress, E electric field, D electric displacement,
SE the matrix of elasticity under conditions of constant electric field, d piezoelectric co-
efficient matrix, εT permittivity matrix at constant mechanical strain.

S = SE T +D t E (3.11)

D = dt T +εT E (3.12)

3.2.4 Categorization of solution space by strategies

As demonstrated by the two examples, the functions of an energy harvester can be ful-
filled in different ways. In Table 3.1 a categorization of the solution space is presented
where the generators are categorized in types and sub-types in accordance with the pre-
vious analysis. Furthermore, an objective is formulated for every group, to indicate the
most important aspects of every strategy. This categorization is not unique, and many
other categorizations can be found. However, the presented case was proposed because
it demonstrates an intuitive grouping of approaches from a mechanical perspective. Ef-
fort was made to make sure the categorization is complete (i.e. no solutions can exist
outside the groups) and may contain relevant embodiments in every group. The follow-
ing strategies and sub-strategies were found per function.

Function Strategy Sub-strategy
I: Transfer

Ia. Direct-force
Ib. Inertial Ib1. Resonant

Ib2. Parametric
II: Transmit

IIa. Non-coupled
IIb. Coupled IIb1. Frequency up-converters

IIb2. Non-frequency up-converters
III. Transduce

IIIa. Electromechanical
IIIb. Piezoelectric
IIIc. Electrostatic
IIId. Other transduction mechanism

Table 3.1: Classification of vibration energy harvesters based on the strategies and sub strategies used to
fulfill the transfer, transmit and transduce functions.



3

30 3. MECHANICAL ANALYSIS AND DESIGN PROCESS

3.3 Design problem formulation

Before a selection can be made of the appropriate generator type and employed strate-
gies, the boundary conditions of the design problem should be assessed. The presented
case study has two main boundary conditions that must be considered in the mechan-
ical design. Firstly, the vibration environment of human motion features large ampli-
tudes and low frequencies. From the results of the literature search for human motion
can be found that human walking motion measured in the head area could be simulated
by a 2Hz vibration with and amplitude of 25mm, which corresponds to an acceleration
of 0.4g.

y(t ) = 25×10−3 sin(2 ·2πt ) (3.13)

Secondly, the application of the vibration energy harvester introduces a set of constraints
on the dimensions and weight of the device. The applications aspired in the case study
are miniaturized biomedical devices such as sensors, pacemakers and hearing aids, which
should be as small as possible to fulfill their functions with minimal user discomfort.
Therefore, an energy harvester for such an application should not dramatically increase
the dimensions or weight of the system. An order of magnitude of cm3 is projected as
the upper limit for the volume of the energy harvester, and therefore a maximum inter-
nal displacement limit of Zl = 5mm is used.

Lastly, boundary conditions are introduced by the transducer. The most important bound-
ary condition is the upper limit for the amount of damping that can be generated. Con-
sidering the viscous damper model, this means the damping coefficient is limited by
the transduction process and the dimensions of the transducer. Other boundary con-
ditions can be introduced by using materials such as piezoceramics that are very brittle
and prone to failure under tensile stresses. Combining all these boundary conditions
formulates the design problem that is faced in this case study.

"Efficiently harvest energy from a large amplitude low-frequency motion, using a
small device with limited damping."

Quantified:

"Efficiently harvest energy from a 25mm, 2Hz motion, using a device with a stroke
of 5mm and limited (ζ<< 1) damping."
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3.3.1 Strategy selection

The strategies classified in Table 3.1 can be evaluated using the boundary conditions
identified in the previous section. For the first function the inertial generators require
only one attachment point to a moving structure, where the direct force strategy require
two. As a result, they allow for more flexibility and greater degree of miniaturization [5]
and are therefore selected as the preferred strategy. The selected sub-strategy is the para-
metric generators, since resonant amplification of internal motion is simply impossible
when the dimensions of the device are smaller than the amplitude of the driving motion.

For the second function the coupled generators are favored over the uncoupled gener-
ators because they allow for the frequency up-conversion sub-strategy. Frequency up-
conversion is favored over coupled generators because the high-frequency vibration can
be harvested much more efficiently by a transducer with limited damping capabilities,
due to the decrease in amplitude [11, 17, 18]. Therefore, frequency up-conversion is se-
lected to fulfill the transmit function.

Of all the commonly used transduction processes, piezoelectricity is considered to be
the most promising transduction process for miniaturized vibration energy harvesting
devices. The main reasons for this are the large power densities, ease of application
and miniaturization capabilities [8, 15]. For example, the fabrication of micro-scale
electromechanical generators requires planar micro-coils and deposited magnetic films,
which have a reduced efficiency compared to wound coils and bulk magnets [19]. More-
over, electrostatic transducers require a voltage to be maintained across the electrodes,
which provides a practical problem [20]. Therefore, the piezoelectric strategy is selected
to fulfill the transduce function.

3.4 Mechanical design

The working principle of a frequency up-converter (FupC) can be divided in three parts.
The first part is the suspension of the low-frequency oscillator (LFO), that generates rel-
ative motion from the inertial forces induced by the low-frequency driving motion. The
second part is the high-frequency oscillator (HFO) and the transducer, which generates
the output power of the device. The last part is the coupling that facilitates the FupC
behavior. An example of a FupC system is shown in Fig. 3.5.

In this chapter, the mechanical design of the functional parts of the FupC will be dis-
cussed. First, the functional requirements of the parts will be identified. Next, concepts
will be generated for every part and analyzed to assess their performance. Finally, the
concept solutions will be integrated in a conceptual design.
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Figure 3.5: Schematic representation and components of a coupled generator where the frequency up-
conversion strategy is applied.

3.4.1 Coupling

The coupling is the part that fulfills the transmit function of the energy harvester. Upon
excitation, the relative motion of the LFO is must be converted by the coupling to a high-
frequency vibration in the HFO.

FR 1 The coupling must allow relative motion of the LFO.

FR 2 The coupling must convert the low-frequency motion of the LFO to a high-frequency
motion in the HFO.

The FupC coupling can be realized using three different types of couplings: Impact, Stick
or Transmission. In impact type couplings, kinetic energy is exchanged between two
mechanical elements upon contact in a short amount of time and can be seen as a very
stiff compression spring connecting the two mechanical elements during the time of
contact. Stick type couplings are a temporarily connection between two mechanical el-
ements. During the time of connection, strain energy builds up in an elastic element
until a force or displacement threshold is reached, and the connection is broken. Lastly,
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the transmission type couplings are a permanent connection between the mechanical
elements and couple their motions into a single DoF.

Since the motion of the driving vibration is larger than the internal displacement limit,
the motion of the LFO must be restricted. This can be done by adding a lot of mechan-
ical damping or by a choosing a stiffer suspension, but that would result in a large loss
of energy, or a very inefficient execution of the transfer function. The other option is to
restrict the movement of the LFO by a mechanical stop. The mechanical stop can at the
same time function as an impact type coupling by using the impact energy of the LFO to
excite the HFO. This intuitive combination of functions led to the selection of the impact
type coupling.

With the impact type coupling, the two most feasible 1 embodiments are shown in Fig.
3.6. The coupling could be placed between the HFO and the LFO, such that upon impact
kinetic energy is transferred from the LFO to the HFO [21–24]. Alternatively, the coupling
could be placed between the LFO and the base, such that upon impact the position of
the LFO is fixed and the HFO continues to oscillate in its natural frequency [25, 26]. The
latter embodiment is preferred because there is no risk of a secondary impact between
the LFO and the HFO that could result in a reduced power output.

(a) (b)

Figure 3.6: Two possible embodiments for a FupC generator with an impact type coupling.

The last design choice w.r.t. the coupling is the method at which the displacement con-
straint of the mechanical stops are enforced. It was chosen to do this with by changing
the load case of a flexible element from bending to tension (much like straightening a
rope) instead of using collision of two bodies against each other. The intuitive reasoning
for this is that collision is expected to have negative effects on the robustness by intro-

1A more detailed explanation and categorization of all the FupC embodiments are presented in the next chap-
ter.
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ducing wear and friction. Another advantage of this method is that it can be integrated
as another functional requirement of the suspension. Due to this integration, the me-
chanical design of the coupling is found in the suspension subsection. Concluding, a
flowchart of the design choices of the transmit function is presented in Fig. 3.7.

F 2: Transmit

Coupled
generators

Non-coupled
generators

Frequency
up-converters

Non-frequency
up-converters

Coupling design

Transmission
typeStick typeImpact type

Base - LFOLFO - HFO

TensionCollision

Integrated in
suspension

Figure 3.7: Flowchart indicating the design choices made in for the transmit function and the coupling de-
sign.

3.4.2 Suspension

The suspension is the part that connects the LFO to base of the device. Upon excitation,
the suspension is responsible for execution of the transfer function of the generator.
Since the boundary conditions of the case study prescribe relatively low accelerations
and relatively small masses, the suspension must have a low stiffness to allow relative
motion upon excitation. On the other hand, the suspension must carry the weight of
the system and must therefore be strong enough to cope with gravity. The maximum
displacement limit is also prescribed by the boundary conditions at 5mm, and the im-
pact type coupling must be integrated in the suspension. In conclusion, the following
functional requirements are identified for the suspension.
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FR 1 The suspension must allow relative motion between the base and the LFO under
excitation of a (2Hz, 25mm) vibration.

FR 2 The suspension has a maximum relative displacement of 5mm.

FR 3 The suspension must be able to carry the mass of the device.

FR 4 A impact type coupling must be integrated in the suspension.

It is desirable to maximize the impact of the LFO on the mechanical stop since this en-
ergy directly used in the FupC coupling. Therefore, the stiffness of the suspension must
be tuned such that the work done by the vibration, as given by Eq. 3.6, is maximized.
To find the optimal value for the stiffness, the model of Fig. 3.8 is evaluated for different
stiffness values while recording the maximum impact velocity. The model is excited by
the target excitation of 2Hz, 25mm and has a displacement limit of 5mm.

Figure 3.8: Model and results of the suspension stiffness analysis.

Numerical evaluation with MATLAB’s ode45 of the differential equation corresponding
to the model resulted in the plot on the right of the figure. It can be seen that when
normalizing the stiffness value to K = K ∗ M a

Zl
, the highest impact velocity is obtained for

K ∗ ≈−1. This result can be explained by realizing that the internal displacement limit of
the generator is much smaller than the amplitude of the driving vibration. Therefore, the
LFO may reach the mechanical stop at the stroke limit before the sinusoidal acceleration
profile reaches its maximum point. As a result, only a fraction of the available energy is
extracted from the vibration. The negative stiffness prevents movement of the LFO until
the inertial force becomes greater then the spring force. By tuning this stiffness such
that this happens exactly at maximum acceleration, it can be ensured that maximum
energy is collected from the vibration. Therefore, a stiffness should be chosen according
to the following expression, where β is a factor smaller than 1 that can be used to ensure
motion at every cycle.

K =−βaM

Zl
(3.14)

The desired stiffness profile results in a bi-stable system with stable positions located at
the mechanical stops at z = Zl and z = −Zl . Such a bi-stable system can be created us-
ing magnets or exclusively mechanical elements [27]. It was chosen to exclude concepts
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using magnets because this imposes limitations for fabrication at a miniaturized scale
[28]. An additional advantage of the mechanical bi-stability is that the mechanical stops
can be integrated in a single part. The field of compliant mechanisms is investigated
for concepts of bi-stable systems. Compared to the alternative rigid-link mechanisms
they offer inherent advantages w.r.t. miniaturization, friction and backlash [29, 30] and
are therefore very suitable options. The feasible embodiments in the field of compliant
mechanisms can either be beam based, or plate based. Of those two groups the beam-
based embodiments are preferred because they can be constructed in a 2D design, while
the plate-based embodiments requires a 3D design. Moreover, the inertial forces in this
case study will be relatively low, and therefore a beam-based suspension with the appro-
priate force-deflection characteristic would require significantly less space compared
to a much stiffer plate-based suspension of equal thickness. This resulted in the three
beam-based embodiments shown in Fig. 3.9. These embodiments will be called the
post-buckled beam, the bridge and the pre-curved beam.

(a) (b) (c)

Figure 3.9: Three feasible embodiments for a bi-stable suspension: post-buckled beam (a) bridge (b) pre-
curved beam (c).

It was attempted to model the force-deflection profiles of these embodiments using an
approach based on the pseudo-rigid-body-model [29]. A detailed description of this
work is given in Appendix E. Although this led to interesting results, the models were
over-simplified and could be accurately generalized.The force-deflection profiles of these
embodiments are analyzed using ANSYS. For all embodiments, over-span lengths of
70mm, widths of b = 5mm, thicknesses of t = 0.05mm were used. The beams were
designed such that they had a stable equilibrium at a center point displacement of z =
5mm. For the bridge embodiment, this resulted in an angle of θ = 8.13deg and for the
pre-curved embodiment this resulted in a curvature radius of r = 125mm. For the post-
buckled bridge, the center-point offset can be estimated at d = 0.44mm using the fol-
lowing formula. Where w0 is the center-point offset; l is the original length of the bridge
and d the clamped length of the bridge [31].

w0 = 2

p
(l −d)d

π
(3.15)

The central point was first moved slightly upwards from the equilibrium such that a ten-
sile load case arises, and the force-displacement characteristic at this mechanical stop
point could be analyzed. Next, the center point is moved downwards over a displace-
ment of 2Zl = 10mm to evaluate the force-displacement characteristic over the range of
motion. The results of this analysis are shown in Fig. 3.10.
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Figure 3.10: Force-deflection analysis of the three beam-based suspension embodiments.

From the figure, the following conclusions can be drawn. Firstly, it can be observed that
an asymmetric force-deflection behavior is obtained for the bridge and pre-curved em-
bodiments, this is undesired because it prevents the LFO snapping back at maximum ac-
celeration. This results in a lower impact velocity and thus less energy generated. More-
over, this resulted in a second stable position placed much closer to the instable equi-
librium at z = 0 for the bridge, and no second stable position for the pre-curved beams.
Secondly, it can be seen that the stiffnesses over the linear range are different. The post-
buckled and bride embodiments have almost equal negative stiffnesses of −18.1Nm−1

and −17.8Nm−1, respectively. The pre-curved beam has a much lower negative stiffness
of −6.1Nm−1. A lower linear stiffness is favorable because it reduces the required over-
span length. Thirdly, it can be noted that the mechanical stop behavior is different for
all embodiments. The pre-curved beam has a rather soft mechanical stop as the force
slowly increases when pushing the center point beyond its stable equilibrium. The me-
chanical stop of the post-buckled beam is stiffer, but still allows a fair bit of motion after
passing the equilibrium. The stiffest mechanical stop is found for the bridge embodi-
ment. This result can be explained by identifying that there is some room for bending
in the post-buckled and pre-curved embodiments that will be exploited first, before the
much stiffer tensile load case is forced. A stiff mechanical stop is desirable as this in-
creases the impulse generated upon impact.

In order to overcome the problems regarding asymmetry of the bridge and pre-curved
beam, these embodiments must be paired with an equal counterpart mirrored horizon-
tally with a gap of 2Zl = 10mm between their central points at their stable equilibrium
positions shown in Fig. 3.11.
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(a) (b) (c)

Figure 3.11: Post-buckled beam and symmetric versions of the other two embodiments.

These central points can now be connected such that a symmetric bistable device is
formed with an internal displacement limit of Zl = 5mm. An added benefit of this
method is that the angle of the bridge, θ, and the radius of the pre-curved beam, r , are
no longer necessary to enforce the displacement limit and therefore become tuning pa-
rameters of the device. With these parameters the trade-off between the linear stiffness
(lower is better) and the mechanical stop stiffness (higer is better) can be tuned which
offers advantages in terms of flexibility over the post-buckled beam. Furthermore, man-
ufacturing is simpler because the assembly takes place in the direction of motion, where
the forces are much lower compared to the axial directions. Lastly, the doubled embodi-
ments facilitate a guiding with increased robustness. This does not only aid towards FR
3, but also greatly reduces parasitic rotations. The resulting force-deflection behavior
can be seen in Fig. 3.12 for a selected bridge angle of θ = 10deg and for the pre-curved
embodiment this resulted in a curvature radius of r = 120mm.

Figure 3.12: Force-deflection analysis of the three post-buckled embodiment and the symmetric versions of
the other two embodiments.

The three concepts were ranked regarding their performances on linear stiffness, control
over the positioning of stable positions, mechanical stop stiffness, manufacturability,
and robustness. The results of this ranking are shown in Table 3.2.
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Linear stiffness + - ++
Control over stable positions + ++ - -
Mechanical stop stiffness +/- ++ - -
Manufacturing - + +
Robustness - + +

Table 3.2: Ranking of the concepts for the suspension.

Based on the ranking of the concepts, it was chosen to use the double-bridge concept
for the suspension. Concluding, a flowchart is presented in Fig. 3.13 that summarizes
all the design choices that were made during the design of the transfer function and
suspension.

F 1: Transfer

Intertial
generators

Direct force
generators

Parametric
generators

Resonant
generators

Suspension design
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Mechanical
bi-stability

Magnetic
bi-stability

Compliant
mechanisms

Rigid-link
mechanisms

Double pre-
curved beamDouble bridge

Post-buckled
beam

Figure 3.13: Flowchart summarizing all the design choices made for the transfer function and the suspen-
sion with the integrated impact type coupling.
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3.4.3 High-frequency oscillator

The HFO is the part that oscillates with an increased frequency fulfills the transduce
function of the energy harvester. In this part, the mechanical energy must be transduced
into electrical output power.

FR 1 The HFO must be excited by the impact coupling and oscillate with an increased
frequency.

FR 2 The oscillations of the HFO must be damped out by a transducer, generating elec-
trical power.

For the mechanical design of the oscillator itself the three concepts shown in Fig. 3.14
were generated from the field of compliant mechanisms and will be called the cantilever,
double flexure and intermediate body.

(a) (b) (c)

Figure 3.14: Three concepts for the high frequency oscillator.

Differences between these concepts are the stiffnesses and the robustness w.r.t. reac-
tion forces and parasitic motions. If all flexures are assumed to have a stiffness K , the
cantilever and intermediate body concept have a total stiffness of K , while the double
flexure concept has a total stiffness of 2K . A lower stiffness is preferred as this enables
a greater degree of miniaturization while achieving the same resonance frequency. In
terms of robustness both the cantilever concept and the double flexure concept induce
a reaction moment on the LFO as a result of their motion. The reaction moment of the
intermediate body concept can be limited by placing the HFO inside the LFO such that it
is in line with the flexures that connect the LFO to the intermediate body such as shown
in Fig. 3.14c. The higher robustness is preferred, as the reaction moment is transferred
to the relatively compliant flexures that support the LFO. Furthermore, it should be con-
sidered that the intermediate body concept may change the dynamics by the adding of
the additional inertial body, and these should therefore be examined carefully. The de-
sign choice was made to select the intermediate body concept because the robustness
was deemed the most important characteristic.

The transducer consists of a piezoelectric element mounted on the flexures suspending
the HFO. For this purpose, the concepts shown in Fig. 3.15 were identified as possible
candidates. These concepts are the out-of-plane cantilever, the in-plane cantilever [32,
33] and the cantilever with interdigitated electrodes [34].
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(a) (b) (c)

Figure 3.15: Three concepts for the piezoelectric transducer element.

The main differences between the concepts are their mode of operation, their DoF and
their manufacturability. Both the in-plane and out-of plane cantilevers work in the ’31-
mode’, where the generated voltage is perpendicular to the applied stress. The cantilever
with interdigitated electrodes utilizes the ’33-mode’, where the direction of generated
voltage is equal to the direction of the applied stress. Generally, the piezoelectric coeffi-
cient is higher for the ’33-mode’, but stress can be more easily induced in systems using
the ’31-mode’. The DoF of the in-plane cantilever makes this system unfit for application
on flexures with a large width but small thickness, as this would result in relatively low
transducer area and a high spacing between the electrodes compared to the other con-
cepts. However, if the width of the flexure approaches its thickness, as is often the case
in micro-fabricated devices, this concept can be an attractive option. Because the elec-
trodes are placed on the top and bottom instead of the sides, this concept allows much
easier micro-fabrication. Based on this reasoning, prototyping methods were explored
for this concept in Appendix A. For the macro-scale prototype, the mechanical design
of the suspension was the main research topic, and therefore it was chosen to build the
transducer using the out-of-plane cantilever because of its simplicity.

Combining these two choices resulted in the transducer concept shown in Fig. 3.16.
The transducer assembly consists of the flexure, two layers of electrodes and a layer of
piezoelectric material. In the middle of the assembly, the top electrode is removed over
the width of the transducer. The whole assembly is clamped between the base and a
clamp through bolts. Because the HFO is connected to the intermediate body by two
parallel flexures, the transducer assembly behaves as a fixed-guided beam. As a result
of the HFO motion, compressive strains are induced in one half of the piezoelectric ma-
terial and tensile strains in the other half. Therefore, opposite charges are induced on
the topside electrodes with respect to the bottom side electrode. Because the electrodes
are not separated on the bottom side this effectively creates a series arrangement of the
piezoelectric transducer with itself.

Figure 3.16: Components (a) and working principle (b) of the piezoelectric transducer mounted between
the intermediate body and the HFO.
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Concluding, a flowchart summarizing the design choices that were made during the de-
sign of the transduce function and the HFO and the resulting concept are presented in
Fig. 3.17.

F 3: Transduce
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Figure 3.17: Flowchart summarizing all the design choices made for the transduce function.
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3.5 Integration

The parts discussed in the previous section were integrated in and a prototype energy
harvester called the parametric frequency up-converter generator (PFupCG) was devel-
oped. The PFupCG concept is specifically designed for the type of motion where the am-
plitude of the driving motion is larger than the internal displacement limit of the gener-
ator. Therefore, the stroke limit of the generator, Zl , was selected to be 5mm. Compared
to the 25mm amplitude of the target driving vibration, this results in a device with a Q-
factor of 0.2 for the target operation conditions. A rendering of the PFupCG prototype is
shown in Fig. 3.18.

Figure 3.18: Render of the piezoelectric PFupCG for human motion.

A dynamic model and corresponding set of differential equations was constructed to
model de behavior of the total system. This model, the design parameters and the per-
formance is discussed in the next chapter. Additionally, a prototype and experimental
setup were manufactured to experimentally validate the modeled behavior. The man-
ufacturing of the final and intermediate prototypes is discussed in appendix C, and the
results of the experiment are discussed in the next chapter.
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3.6 Conclusions

Three functions of a vibration energy harvesting system can be identified: Transfer of
energy from the vibration source in to the system, Transmit energy inside the system and
Transduce energy out of the system to useful output power. The solution space of those
functions was categorized and led to the classification of strategies and sub-strategies in
Table. 3.1. The design problem formulated for the case study of human motion was to
"Efficiently harvest energy from a 25mm, 2Hz motion, using a device with a stroke of
5mm and limited (ζ<< 1) damping.". For this case study, the piezoelectric, parametric,
and frequency up-conversion strategies were chosen, which resulted in the mechanical
design of three parts: the coupling, the suspension of the low-frequency oscillator (LFO)
and the high-frequency oscillator (HFO). The most important design choices during this
process are summarized next.

In the mechanical design of the coupling it was chosen for the design of an impact type
coupling between the base and the LFO because the coupling function intuitively com-
bines with the mechanical stop function for the LFO motion. A tension loaded embodi-
ment was selected because it allows for integrated in the suspension, and is more robust
to wear and friction compared to a collision embodiment. In the design of the suspen-
sion it was chosen to design a system with a negative stiffness, because this resulted in
the highest impact velocity between the base and the LFO, and therefore the highest im-
pact energy transmitted to the HFO. The bi-stability was obtained using a double-bridge
embodiment from the domain of compliant mechanisms because it exhibited the stiffest
mechanical stop behavior, the pre-loading could be added relatively easy, was robust to
reaction moments and had excellent control over the position of the stable positions.
The HFO was designed with an intermediate body, due to its robustness to parasitic mo-
tions, and good stiffness characteristic. For the transducer, a out-of-plane cantilever
embodiment was chosen because of its simplicity, but an other option was explored and
prototyped in Appendix A.

Ultimately, the functions were integrated in a vibration energy harvester system concept
called the parametric frequency up-converter generator (PFupCG). The new PFupCG
concept is expected to outperform existing vibration energy harvesters for the given case
study. In the next section, the modeling, prototyping and results will be discussed.
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The Parametric frequency
up-converter generator

Thijs BLAD

"The walls between art and engineering exist only in our minds,
and few go beyond them."

Theo Jansen

In this paper, the theoretical framework, modeling, design and experiment of the para-
metric frequency up-converter generator concept are presented in the form of a research
article. Simulation of the model with a Q-factor of 0.2 for the vibration conditions of the
case study showed that the PFupCG can have a significantly higher power output com-
pared to the classical models when the scaling problem of the damping is considered in
the analysis. Moreover, the dynamical properties of the PFupCG were validated using a
prototype and experiment.

Originally appeared as: "Towards the Design of a Miniaturized Frequency Up-converter for Energy Harvesting
from Human Motion" by T.W.A. Blad, D. Farhadi Machekposhti, J.L. Herder and N. Tolou which is awaiting
submission. The article was reformatted to fit the style of the thesis.
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Towards the Design of a Miniaturized
Frequency Up-converter for Energy

Harvesting from Human Motion
T.W.A. Blad, D. Farhadi Machekposhti, J.L. Herder, and N. Tolou

Abstract—This work presents a novel design,
model and prototype of a vibration energy
harvester based on frequency up-conversion by
impact. The general theoretical framework of
frequency up-conversion methods is discussed
and a new classification of those methods is
proposed. This led to the development of a
new embodiment of a frequency up-converter
based on impact: the Parametric Frequency up-
converter Generator (PFupCG). The PFupCG
was designed to harvest energy under conditions
where the amplitude of the driving motion is
larger than the internal displacement limit. A
suspension was developed for the PFupCG based
on compliant mechanisms that combines a bi-
stable behavior with a strong stiffening effect at
the desired displacement limits. This resulted in a
prototype of the PFupCG with a Q-factor of 0.2.
A case study was carried out where the PFupCG
was analyzed by simulation and experiment for
vibration conditions similar to human motion
(2Hz, 25mm).

Index Terms—Vibration energy harvesting, Hu-
man motion, Frequency up-conversion, Impact,
Low-frequency, Low Q-factor, Compliant mech-
anisms, Bi-stable.

I. INTRODUCTION

V IBRATION energy harvesting has been
investigated for over 20 years since

the early work of Williams and Yates in
1996 [1] which investigated the piezoelectric,
electromagnetic, and electrostatic transduction
mechanisms for the purpose of vibration-
to-electric energy conversion. Devices that
incorporating such a transduction mechanisms
are called vibration energy harvesters (VEH)
and have received much interest as they may
provide an alternative to batteries in powering
microelectronic devices such as wireless

sensor networks. Moreover, using miniaturized
VEHs to power biomedical devices such
as hearing aids or pacemakers would offer
significant advantages such as reduced costs
and/or risks over replacing the batteries and
therefore makes these applications excellent
candidates. These body worn applications
could collect their energy from human motion,
analogue to the kinetic wristwatches.

Although there is a wealth of energy available
in human motion, is not a particularly pleasant
vibration source for a VEH to collect power
from. The frequencies are extremely low
(< 10 Hz), and often inconsistent. Furthermore
the amplitudes of the motions are large
(> 10 mm) and rarely follow specified paths
with a single degree of freedom (DoF). The
ultimate goal of designing efficient VEHs
at the scale of microelectronics that harvest
from human motion is therefore an incredibly
difficult challenge.

Nevertheless, great advances have been made
towards this goal in prior art. Three general
theoretical models for VEHs were constructed
and analyzed thoroughly, which offered great
insights in their performances under various
operation conditions [2], [3]. Simulations of
those models with real human motion data
was done in [4] and contributed to further
clarification of the challenges. A prototype
of an electromagnetic generator with the size
of an AA battery was developed in [5]. The
device was attached to the upper arm where it
could generate an average power of 4.96 mW
from a person running at 8 km h−1. The
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magnetic levitation harvester developed in [6]
was tested on 10 subjects running 9.6 km h−1

and resulted in an average output of 342 µW.
In [7], a micro-electromagnetic VEH consists
of a magnetic ball rolling through a tube
wrapped by a coil was constructed. The power
output was measured during three common
activities at various locations on the body,
and a maximum of 445 µW was observed.
Also piezoelectric VEHs were developed such
as the generator with a rotating proof mass
demonstrated by [8] and tested in a real world
environment during a running race. It was
shown that for frequencies from 0.5 − 4 Hz
power outputs in the range of tens of micro
watts were achieved. Another device where
the impact of a metal ball excited a PZT
cantilever could generate up to 175 µW when
excited by a vibration of 4.96 Hz with an
acceleration of 2 g [9].

However, the established generalized models
are limited because they only consider a single
DoF and are built from only mass, spring,
damper and coulomb friction elements. The
works cited earlier, and many other VEHs
harvesting from human motion utilize different
strategies such as impact on mechanical stops
or the latching and release of magnets, and
are often multi-DoF systems that cannot be
described by those general models. Naturally,
models have been constructed for some of
those embodiments, but are rarely generalized
to describe the strategy as a whole. This
makes it difficult to judge and compare the
performances of different strategies.

The research objective of this work is to
propose a classification of the strategies that
can be used to harvest energy from human
motion. From this classification a strategy will
be chosen for which a general model will be
constructed, and a case study will be conducted
where a device is designed, fabricated and
tested for vibration that resemble human
motion.

Section II will present the background and
scaling problem and introduce the fundamental

problems of harvesting from human motion
with a miniaturized device. In section III, a
classification of strategies for harvesting from
human motion will be proposed and a general
model will be constructed for the Frequency
up-conversion strategy. Section IV discusses
the case study of harvesting from human mo-
tion and presents the design, fabrication and
testing of a new embodiment with a suspension
based on compliant mechanisms. The results of
this experiment are presented in section V and
discussed in section VI. Lastly, the conclusions
will be summarized in section VII.

II. BACKGROUND AND SCALING PROBLEM

Most reported literature on energy harvesters
consider systems where the dimensions of the
generator are much larger than the amplitude
of the driving motion. Therefore, these systems
allow themselves to be designed as resonant
systems which is a beneficial mode of oper-
ation. When the dimensions of the generator
approach, or shrink below the amplitude of
the driving motion, however, efficiencies for
those types of generators are decreased dramat-
ically [3], [10]. A summary of the background
and the problem analysis of energy harvesting
in those situations, often encountered at low-
frequencies, is addressed here. For this pur-
pose, the Velocity-damped-resonant-generator
(VDRG) is introduced.

A. The velocity-damped resonant generator

The simple mechanical model developed by
Mitcheson [2] can be used to analyze the
behavior of a typical energy harvester and is
shown in Fig. 1. In this model, the energy
harvester consists of a proof mass, M , and a
housing that are connected by a spring, K, and
a viscous damper, C, in parallel. The driving
motion is modeled as a harmonic displacement
of y = Y0 sin(ωt). The relative motion of the
device, z = x− y, is found by subtracting the
motion of the housing, y, from the motion of
the proof-mass, x.
The differential equation for the motion of
the mass with respect to the frame is given
by the Eq. 1. This equation is normalized by

4

47



Fig. 1: Generic model of the VDRG.

substituting ωn =
√

K
M and ζ = C

2Mωn
. These

variables are the natural frequency and the
damping factor, respectively.

z̈(t) + 2ζωnż(t) + ω2
nz(t) = Y0ω

2 sin(ωt).
(1)

In this model, the transducer characteristics
are modeled by the dissipation of energy in a
viscous damper which issues a damping force
proportional to the velocity times a coefficient,
C. This method is often used to provide a
good approximation for the electromagnetic
and to some extent piezoelectric transducers.
The damper always exerts a force against the
direction of motion equal to Fd = −Cż. There-
fore, the damper always does negative work
on the system, as a result of the transduction
process. The power, P , is equal to the force-
distance integral over a full cycle of period T .

P = − 1

T
C

∫ T
2

−T
2

ż2dt. (2)

Combining Eq. 1 and 2, and following the
thorough analysis finds a statement for the
maximum power output of the generator [2].
This power reaches its maximum at resonance
and is limited by the internal displacement
limit, Zl. Assuming an optimal damping ratio,
the following statement is obtained.

P =
1

2
ω3MY0Zl (3)

Since no parasitic losses are considered in
this analysis, it provides an upper limit for
the power output of the resonant generator. In

reality, mechanical damping may contribute
to the total damping coefficient such that
C = Cm + Ce, where Cm is the mechanical
damping coefficient and Ce the electrical
damping coefficient from the transducer. As a
result, the output power of the system may be
considerably lower than indicated by Eq. 3.

To make a fair comparison between differ-
ent types, shapes and sizes of generators a
very useful metric was introduced in [2]. The
volume figure of merit (FoMv) compares the
useful power output of a generator to the power
output of an imaginary, optimal generator of
the same volume, V , driven by the same
vibration. As a baseline, the proof-mass of
this optimal generator is assumed to be made
from gold such that the following expression is
obtained.

FoMv =
Useful power output

1
2Y0ρAuV

4
3ω3

(4)

Sometimes, it is useful to account for the band-
width when identifying the performance of a
generator. For this purpose, a modified version
of the FoMv , called the bandwidth figure of
merit FoMBW was proposed in [3].

FoMBW = FoMv
BW3dB

ω
(5)

B. Scaling problem

From Eq. 3 can be seen that the Q-factor
(Q = Zl

Y0
) is directly proportional to the

power output of the device under optimal
damping conditions at resonance. Therefore, it
is desirable to design generators with a high
Q-factor. However, there are two practical
properties that limit the Q-factor. Firstly, the
internal displacement limit, Zl is limited by
the dimensions of the device for obvious
reasons. As a result, the desire to miniaturize
generators to the micro-scale with dimensions
of typically 1−100 µm is inevitably linked to a
lower Q-factor. Secondly, the amplitude of the
driving vibration, Y0, is inversely proportional
to the frequency squared when keeping
a constant acceleration, i.e. Y0 ∝ 1

ω2 . In
conclusion, miniaturized generators harvesting
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from low-frequency vibrations are destined to
operate with small Q-factors. Here, a generator
will be considered ”miniaturized” when it is
operating with a Q < 1. Therefore, not the
absolute dimensions of the generator, but its
stroke relative to the amplitude of the driving
vibration is considered.

When considering Eq. 3 as the denominator of
4 there is no obvious indication of a reduced
efficiency of miniaturized generators. More-
over, when considering a length scale, l, both
the numerator and the denominator scale with
∝ l4. However, the problem with miniaturized
generators is that the optimal damping factor
considered in Eq. 3 scales with ∝ 2

Q and be-
comes greater than 1. In practice, this damping
has to be supplied by the transducer, which
relies on physical processes and their embod-
iments and are limited in the damping they
can provide [11]. Moreover, most generators
reported to date have a ζ < 1, which is incom-
patible with the miniaturized definition used
here. Therefore, new strategies are required to
design efficient miniaturized generators.

III. CLASSIFICATION OF FREQUENCY
UP-CONVERSION STRATEGIES

To address the low Q-factor problem outlined
in the previous section, different approaches
have been attempted in prior art. Many of
these approaches use the strategy of frequency
up-conversion (FupC) as first described in
[12], to couple a driving vibration with a
low-frequency to an oscillator with a higher
frequency, and therefore a higher Q-factor.
In this work, a classification of these FupC
systems is proposed based on their coupling,
and generalized mechanical diagrams are
identified for each type. An example of such
a mechanical diagram is shown in Fig. 2. In
all cases, the FupC systems consist of the
following parts: a low-frequency oscillator
(LFO) that generates relative motion from the
inertial forces induced by the low-frequency
driving motion, a high-frequency oscillator
(HFO) connected to a dissipative element
where energy is transduced into output
electrical power, a stationary base and the

coupling that facilitates the FupC behavior.

Fig. 2: Example of a mechanical diagram of a
frequency up-converter;

The proposed classification is shown in Table
3 and makes a distinction between where the
coupling is located in a system. Three possible
locations for the coupling are between the
base and the LFO, between the base and the
HFO and between the LFO and the HFO.
Next, the FupC generators are classified based
on the type of coupling that is used. The three
types of couplings that lead to FupC behavior
are impact type, stick type and transmission
type couplings. In impact type couplings,
kinetic energy is exchanged between two
mechanical elements upon contact in a short
amount of time and can be seen as a very
stiff compression spring connecting the two
mechanical elements during the time of
contact. Impact type couplings can be divided
in two groups: the direct group and indirect
group. In couplings of the direct group
the two mechanical elements make direct
contact upon impact. In the indirect group,
contact is between one of the elements and
an intermediate body which is connected
to the second element. Stick type couplings
are a temporary connection between two
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mechanical elements. During the time of
connection, strain energy builds up in an
elastic element until a force or displacement
threshold is reached, and the connection is
broken. The stick type couplings are divided
in groups of mechanical and non-mechanical
stick couplings. Mechanical stick couplings
deflect an elastic element due to contact forces,
and non-mechanical stick couplings use non
mechanical forces such as magnetic attraction.
Lastly, the transmission type couplings are a
permanent connection between the mechanical
elements and couple their motions into a
single DoF. Transmissions can be between two
translational elements or between translational
and rotational elements.

Not all types of couplings are feasible at every
location, and therefore there are only 11 combi-
nations of coupling locations and types shown
in the table. Transmission type couplings would
not function when connected to the base be-
cause the base does not allow any motion.
Moreover, direct impact between the base and
HFO would greatly restrict HFO motion and
stick type between the base and LFO would
essentially make the LFO the HFO. Naturally,
combining different types of couplings, adding
more oscillators and/or degrees of freedom an
infinite amount of options can be obtained. It
was chosen to omit those compounded systems
because they would become increasingly com-
plex and most likely infeasible for practical
applications. In prior art, the coupling was
often placed between the LFO and the HFO. In
this work, a general model is developed where
the coupling is placed between the base and the
LFO. Moreover, a prototype is designed and
tested.

IV. METHODS

To address the problem outlined in the pre-
vious section, the Parametric Frequency up-
Conversion Generator (PFupCG), shown in
Fig. 4, is proposed. The PFupCG is classi-
fied as a Base-LFO direct impact-type (Ia1)
generator using the classification introduced in
the previous section. Moreover, the PFupCG

is a non-resonant generator designed to har-
vest from low-frequency vibrations with an
amplitude larger than its internal displacement
limit. In the PFupCG an inertial mass (LFO) is
connected to the housing by a suspension with
a bi-stable characteristic and a strong stiffening
effect at the desired displacement limits. This
stiffening effect acts as a mechanical stop and
couples the motion of the LFO to the motion of
a secondary oscillator (HFO) placed within the
suspended structure. Energy is generated by a
transducer harvesting from the relative motion
between the inertial masses of the suspension
system and the secondary oscillator.
The working principle of the generator is
demonstrated in Fig. 5. Upon excitation by
a driving motion with sufficient acceleration
the inertial mass can snap out of one of its
stable positions at z = Zl and z = −Zl, pass
its instable position at z = 0 and reach the
displacement limit at the other side with con-
siderable velocity. At the displacement limit the
LFO will experience an impact-like behavior
as a result of the strong stiffening effect of the
suspension. This triggers an impulse response
in the HFO such that it begins to vibrate in
its own natural frequency, ω2. By designing
ω2 >> ω the designer can tune the Q-factor,
and therefore the required damping factor of
the HFO. Under optimal conditions, the LFO
snaps back and forth between the two stable
positions, exciting the HFO on every impact
and generating power.

A. Suspension

For the PFupCG a suspension is proposed
that combines the characteristics of a bistable
system and those of mechanical stops, and can
be modeled by a spring-damper system. Firstly,
the force-deflection behavior of the suspension
over the range of motion is modeled by spring
with a negative stiffness. This negative stiffness
is designed such that operation is possible at
the target acceleration of a. Assuming a target
total suspended mass of Mt = M1 + M2 the
minimum stiffness of the suspension can be
calculated. To ensure the suspended mass can
break away from its stable positions at every
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Fig. 3: Classification of frequency up-conversion strategies and corresponding mechanical diagrams
based on coupling location and type for energy harvesting under low Q-factor constraints. LFO =
low-frequency oscillator, HFO = high-frequency oscillator.

Location of coupling Type of coupling Sub-type Examples
I: Base-LFO

Ia. Impact type
Ia1. Direct [13], [14] , This work

Ia2. Indirect

II: Base-HFO
IIa. Impact type

IIa1. Indirect

IIb. Stick type
IIb1. Mechanical

IIb2. Non-mechanical [15]

III. LFO - HFO
IIIa. Impact type

IIIa1. Direct [16]–[19]

IIIa1. Indirect [9]

IIIb. Stick type
IIIb1. Mechanical [20], [21]

IIIb2. Non-mechanical [8], [22]–[25]

IIIc. Trasmission type
IIIc1. Rigid transmission [26]

IIIc2. Flexible transmission

Ia1 Ia2 IIa1 IIb1 IIb2 IIIa1 IIIa2

IIIb1 IIIb2 IIIc1 IIIc2
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Fig. 4: Overview of the PFupCG architecture

Fig. 5: Operating principle of the PFupCG; upon
excitation the LFO snaps back and forth between
its stable positions, exciting the HFO due to
impact-like behavior as a result of the increased
stiffness of the suspension at the displacement
limits. Power is generated through a transducer
placed between the LFO and the HFO.

cycle the calculated stiffness is multiplied by a
factor β < 1.

K1 = −βMta

Zl
(6)

Secondly, the mechanical stop behavior can
be modeled as a stiffness Kend and a damp-
ing coefficient of Cend that are added to the
suspension when the proof-mass reaches one
of its displacement limits. Very high values
should be chosen for Kend and Cend to ensure
the proof-mass loses all energy upon impact
within a negligible distance, and generates a
strong impact. The following expression was
used to model the force-deflection behavior of
the mechanical stops, Fend.

Fend =

[
Kend(|z| − Zl) + Cendż

](1

2
+

1

2
tanh(γ(|z| − Zl))

)
(7)

where, γ is an arbitrary coefficient that controls
how sudden the stiffness and damping coef-
ficient will be implemented. Combining Eq.

6 and 7 results in a negative stiffness over
the range of motion and a sudden increase in
stiffness and damping coefficient at the dis-
placement limits. The potential energy function
and force-deflection profile of the suspension
are shown in Fig. 6.

Fig. 6: Potential energy function and force-
deflection characteristic of the suspension with
a negative stiffness and a sudden increase in
stiffness at the displacement limits.

B. High-frequency oscillator

The HFO is designed to have a natural fre-
quency of ω2 >> ω. Due to the higher
frequency, the oscillator has a high Q-factor
and little damping has to be provided by the
transducer. The design variables of the HFO
are the Up-conversion ratio (UpR), and the Os-
cillator mass ratio (OmR). Those two variables
determine the efficiency of the PFupCG for a
given Q-factor and damping coefficient.

UpR =
ω2

ω
(8)

OmR =
M2

Mt
(9)

C. Modeling of the system dynamics

In the model shown in Fig. 7 two bodies can
be identified, M1 and M2. The lower body is
the LFO, and is connected to the housing by
a spring, K1, and a damper, C1, that represent
the suspension model. The inner body is con-
nected to the LFO by means of a spring, K2,
and a damper, C2, and is called the HFO. The
motions of the masses relative to the housing
are z1 = x1− y and z2 = x2− y, respectively.
The motion of the LFO is limited to the internal
displacement limit, Zl, which is enforced by

4

52 4. THE PARAMETRIC FREQUENCY UP-CONVERTER GENERATOR



Fig. 7: General model of the system dynamics of the PFupCG

the suspension. This results in the following
differential equations for the motion of the
masses with respect to the frame for the two-
mass model.

M1z̈1(t) + C1ż1(t) + C2(ż2(t)− ż1(t))

+K1z1(t) +K2(z2(t)− z1(t))

+ Fend(t) = −M1ÿ(t). (10)
M2z̈2(t) + C2(ż1(t)− ż2(t))

+K2(z1(t)− z2(t)) = −M2ÿ(t).

Since no closed form solution exists for the
given equation, a numerical method is used.
The equation was written as the following
system of four first-order differential equations.

∂z1
∂t

=ż1 (11)

∂2z1
∂t2

=− C1

M1
ż1 +

C2

M1
(ż2 − ż1)

− K1

M1
z1 +

K2

M1
(z2 − z1)− Fend

− ω2Y sin(ωt)

∂z2
∂t

=ż2

∂2z2
∂t2

=
C2

M2
ż1 −

C2

M2
ż2

+
K2

M2
z1 −

K2

M2
z2 − ω2Y sin(ωt)

D. Efficiency and bandwidth comparison with
the VDRG

The transducer in the PFupCG model is placed
in between the two masses, and thus only the
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power dissipated in c2 harvested. This power
is equal to the force-distance integral of the of
the relative distance between the two masses
over a full cycle of period T . Therefore, the
following expression was found.

Pdamper = − 1

T
c2

∫ T
2

−T
2

(ż2 − ż1)2dt (12)

To make a fair comparison between the VDRG
and PFupCG models, the models should be
evaluated for equal Q-factors and transducer
damping coefficients. Since the mass and fre-
quency of the secondary oscillator are different
than from the VDRG model, equal damping
coefficients result in different damping ratios.
Therefore, the damping ratio of the secondary
oscillator in the PFupCG model is chosen ac-
cording to the following expression.

ζ2 =
Ce

2M2ω2
=

Mtω

M2ω2
ζ =

ζ

UpR OmR
(13)

Both models are evaluated for a range of
Q-factors and ζ and their resulting power
output was normalized by Eq. 4.

In real applications of vibration energy har-
vesting, the frequency of the vibration source
may change over time and span a range of
frequencies around the target frequency of
the harvester. Therefore, the bandwidth of the
generator is another important concept. Where
high Q-factor generators are characterized by
a narrow resonance peak, the low Q-factor
devices may have a much broader spectrum
of frequencies they can efficiently harvest. By
evaluating the PFupCG and VDRG models
over a range of driving frequencies and normal-
izing with Eq. 5 the bandwidth of the PFupCG
strategy can be analyzed.

V. CASE STUDY PIEZOELECTRIC PFUPCG
FOR HUMAN MOTION

A prototype of the PFupCG was developed
based on the architecture discussed in the pre-
vious section. The target was to operate under
a driving excitation of 2 Hz and 4 m s−2, which
is within the range of acceleration levels found

in the human head area during regular walking.
The PFupCG concept is specifically designed
for this type of motion where the amplitude of
the driving motion is larger than the internal
displacement limit of the generator. Therefore,
the stroke limit of the generator, Zl, was se-
lected to be 5 mm. This resulted in a device
with a Q-factor of 0.2 for the target operation
conditions. A schematic representation of the
PFupCG prototype is shown in Fig. 8.

Fig. 8: Schematic representation of the piezoelec-
tric PFupCG for human motion.

A. Mechanical design

The suspension of the PFupCG was designed
using compliant mechanisms where the elastic
elements are designed as spring steel flexures.
The desired bi-stable behavior of the suspen-
sion was realized by mounting two flexures
at angles of θ = 10 deg such that a bridge
structure is created, as shown in Fig. 9. Next
to the schematic, the force-displacement graph
is sketched.

Fig. 9: Bridge structure using two flexures and
corresponding force-displacement diagram.

In the prototype, two bridges facing upwards
were combined with two bridges facing down-
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wards, leaving a 2Zl = 10 mm gap in be-
tween. The assembly process is shown in Fig.
10, where part A is attached to part B such
that a preload is induced that achieves two
things simultaneously. First of all, the com-
bination of the force-deflection graphs results
in a bi-stable system with a symmetric force-
deflection graph. Secondly, the target internal
displacement limit is enforced by placing the
stable points at +Zl and −Zl. Moreover, if the
system would be pushed further outwards from
one of its equilibrium points, the beams would
be loaded in tension which is much stiffer than
their designed bending stiffness. Therefore, the
beams function as end-stops with a greatly
increased stiffness.

Fig. 10: Assembly of a bridge facing upwards
with a bridge facing downwards induces a pre-
load that shifts the force-deflection graph from
B to B*; Summation of A and B* lead to the
total symmetric force-deflection graph with stable
points at the desired locations.

This suspension design offers the following
advantages over the post-buckled flexure used
in the state-of-the-art [13], [14]. In Fig. 11 the
results of an ANSYS simulation of the force-
deflection profiles of the two embodiments
is shown for equal over-span lengths, widths
and thicknesses. First of all, the robustness to
parasitic rotations in the plane of the device
is greatly increased due to the multitude of
flexures. Secondly, the stiffness increases much
faster at the displacement limit because the
flexures are fully straightened at this point and
loaded in tension only. This allows excellent
control over the placement of the stable posi-
tions, and a more powerful impulse transmitted
to the HFO. Lastly, the pre-loading process can
be simpler because the reaction forces when
pre-loading in the direction of motion are much
smaller compared to the reaction forces when

pre-loading axially. As a downside, the break-
away force of the double-bridge embodiment
is slightly larger. Therefore, the flexures must
be slightly longer to allow motion at the target
acceleration compared to post-buckled beams
of equal thickness.

Fig. 11: Force-deflection analysis of the post-
buckled beam and the double bridge embodi-
ment.

For the suspension of the prototype, two
double-bridge embodiments were built using
spring steel (E = 190 GPa) flexures with
a width of bs = 10 mm, Thickness of
hs = 0.05 mm and an over-span length
Ls = 35 mm made by laser micro-machining.
A minimum break-away force of 0.465 N was
found in simulation with ANSYS and the
total suspended mass of the prototype was
140 g. Therefore, the prototype was expected
to exhibit relative motion for accelerations
greater than a = 3.3 m s−2.

The HFO is also suspended by spring steel
flexures, and connected to the LFO through an
intermediate body. The intermediate body lim-
its parasitic rotations and translations and acts
as a linear guiding mechanism for the LFO.
Therefore, the effects of the reaction moments
of the HFO on LFO and its relatively compliant
suspension are limited. The stiffnesses of the
fixed-guided flexures of HFO can be calculated
using linear beam theory.

K =
Ebh3

L3
(14)

Between the LFO and the intermediate body,
spring steel (E = 190 GPa) flexures are used
with a width of bi = 10 mm, thickness of
hi = 0.20 mm and an over-span length of

4

55



Li = 20 mm made by laser micro-machining.
Using Eq. 14 the stiffness of these flexures was
calculated to be Ki = 1900 N m−1. Between
the intermedate body and the HFO, flexures
with a thickness of hh = 0.10 mm were used
with a stiffness of Kh = 237.5 N m−1. The
mass of the HFO was Mh = 26 g and the mass
of the intermediate body was Mi = 33 g. As
a result, following frequency response function
was found for the HFO assembly.

Fig. 12: Frequency response function of the HFO
assembly.

From the figure it can be seen that the low-
est eigenmode is around 20 Hz and has a
much greater amplitude compared to the sec-
ond eigenmode. Therefore, it can be concluded
that the 2DoF lumped mass model presented
in Fig. 7 provides a good approximation for
the motion of the HFO. The body parts of the
prototype were fabricated from aluminum by
milling. The spring steel flexures were mounted
by clamping them between the aluminum parts
and a 2 mm aluminum plate by means of bolts.
This resulted in the prototype shown in Fig. 13.
The dimensions of the prototype were a length
of 105 mm, width of 195 mm and a height of
30 mm. Therefore, the total volume of a box
around the prototype would be 614 cm3. Con-
cluding, a summary of the mechanical design
parameters is given in Table I.

TABLE I: Summary of mechanical design pa-
rameters used in the PFupCG prototype.

Parameter Symbol Value
Q-factor Q 0.2
Internal displacement limit Zl 5mm
Total volume Vt 614 cm3

Total suspended mass Mt 140 g
HFO mass Mh 26 g
Intermediate body mass Mi 33 g
HFO natural frequency ω2 20Hz
Up-conversion ratio UpR 10
Oscillator mass ratio OmR .19

Fig. 13: Prototype of the PFupCG.

B. Transducer Design

A piezoelectric transducer was placed on one
of the 0.1 mm flexures between the interme-
diate body and the HFO. A sheet of PVDF
from TE Connectivity (Part No. 3-1003702-
7) with a thickness of 110 µm was attached
on the topside of the flexure using epoxy (RS
553-614) and the middle part of the electrode
on the top side of the PVDF was removed.
The unimorph transducer was clamped using
an insulating PLA clamp with a thickness of
2 mm. A side view of the transducer assembly
and its working principle is shown in Fig. 14.

(a)

(b)

Fig. 14: (a) Components and (b) working prin-
ciple of the piezoelectric transducer mounted
between the intermediate body and the HFO.

Because the HFO is connected to the inter-
mediate body by two parallel flexures, the
transducer assembly behaves as a fixed-guided
beam. As a result of the HFO motion, com-
pressive strains are induced in one half of the
PVDF and tensile strains in the other half.
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Therefore, opposite charges are induced on the
topside electrodes with respect to the bottom
side electrode. Because the electrodes are not
separated on the bottom side this effectively
creates a series arrangement of the piezoelec-
tric transducer with itself. As a result, wires are
connected only to the two top electrodes.

C. Experimental Setup

The experimental setup consists of a fre-
quency generator, a measurement system and
the PFupCG prototype and is shown in Fig. 15.
The frequency generator is custom-built and
consists of a crank-slider mechanism driven by
an electro-motor. The frequency of the driving
vibration can be controlled by controlling the
voltage fed to the motor, and the amplitude of
the driving vibration is fixed at 25 mm by the
kinematics of the crank. The measurement sys-
tem consists of three laser interferometer posi-
tion sensors from Micro-Epsilon (ILD 1420-
200). Three positions are measured simultane-
ously. The slider position, y, the position of
the LFO, x1, and the position of the HFO, x2.
The relative positions of the oscillators can be
found by subtracting the position of the slider
such that z1 = x1 − y and z2 = x2 − y give
the relative positions of the LFO and HFO,
respectively.

Fig. 15: Experimental setup consisting of crank-
slider mechanism, laser position sensors and the
PFupCG prototype.

VI. RESULTS

A. Design variable analysis

In Fig. 16 the results of changing the design
variables of the PFupCG on the power output
can be observed. In this analysis, a cubic type
generator where exactly half of the available
volume is taken up by the proof mass was

assumed such that Mt = 1
2 (4Zl)

3. Moreover,
the damping coefficient was fixed at ζ =
0.04 and the Q-factor was fixed at 0.2. When
fixed, the design variables of UpF = 10 and
OmR = 0.05 were used. From the figure can
be seen that the best results are obtained for
7 < UpR < 100 and 0.04 < OmR < .2.

(a) (b)

Fig. 16: Sensitivity analysis of design variables
OmR (a) and UpR (b).

B. Efficiency comparison with the VDRG

(a) (b)

Fig. 17: Power output comparison of PFupCG
(blue) and VDRG (red) models. Power output
was normalized using Eq. 4.

The resulting power outputs of the simulated
PFupCG model and VDRG model are plotted
in Fig. 17 for varying Q-factors. For both
models, a total damping factor of ζ = 0.04
was used. In the first plot, the damping was
modeled of fully electrical nature and in the
second plot the damping was spread evenly
over the electrical damping coefficient, Ce, and
the mechanical (parasitic) damping coefficient,
Cm. The PFupCG model was evaluated for
UpF = 10 and OmR = 0.05 and the output
powers were normalized using Eq. 4. It can
be seen that the VDRG model has the highest
power output when approaching the optimal
damping condition of ζ = 2

Q . However, when
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systems are considered with a damping much
lower than the optimal conditions, the PFupCG
architecture has a significantly better perfor-
mance.

C. Dynamical testing

The model was simulated using parameters
given in Table. I and a damping factor of
ζ = 0.04. The results of the simulation of
the PFupCG model and the experimental
measurements of the prototype are plotted in
Fig. 18. The blue line shows the time response
of the LFO w.r.t. the base, z1 = x1 − y, and
the red line shows the relative motion of the
HFO w.r.t. the LFO, z2 = x2 − x1.

(a) Model

(b) Experiment

Fig. 18: Results of the relative motions of the LFO
and the HFO in the PFupCG (a) model and (b)
experiment.

These motions can also be plotted as the phase
projections shown in Fig. 19 with the position
z1 and the velocity ż1 on the horizontal and
vertical axes, respectively. The spectral con-
tents of the experimental results were analyzed
and the results are shown in Fig. 20. From
the figure it can be seen that input vibration
signal was applied with the target frequency
of 2 Hz. Moreover, the relative motion of the

HFO shows a large amount of spectral content
around 20 Hz, which corresponds to the natural
frequency of the HFO.

(a) (b)

Fig. 19: Phase projections of motions of the LFO
in the PFupCG (a) model and (b) experiment.

(a) (b)

Fig. 20: Frequency spectra of input vibration,
y, (a) and relative HFO motion, z2, (b). The
frequency up-conversion with a factor of 10 can
be clearly observed.

D. Power output

The transducer was connected to a 3.91 MΩ
resistor is measured over the resistor. In Fig.
21 the resulting voltage is shown next to the
recorded LFO and HFO motions. It can be
seen that a maximum of 1.8 µW was measured
over a frequency range of 2.2− 3.1 Hz. When
the driving frequency was increased above
3.1 Hz, the power output dropped to 1 µW.

(a) Experiment

Fig. 21: Results of the relative motions of the LFO
and the HFO, and transducer output voltage.
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The output power of the transducer is shown in
Fig. 22 for different operating frequencies. The
frequency was varied between 0 and 3.7 Hz,
while keeping the amplitude constant.

Fig. 22: Output power of the transducer for
different operating frequencies.

VII. DISCUSSION

A. Results

In this work, an energy harvester concept
was developed that aims to use the impact
of an inertial mass on a mechanical stop to
excite a high-frequency harvesting element.
A model was developed that predicted the
LFO snapping back and forth between the
stable positions when driven by a harmonic
input. Moreover, the modeled response clearly
shows that the HFO was excited in its natural
frequency as a result of the impact of the
LFO on the mechanical stops. Furthermore,
a prototype of the PFupCG was successfully
fabricated and tested experimentally. The
results of this experiment confirmed the
behavior predicted by the model. Specifically,
the results of the spectral analysis presented
in Fig. 20 it can be clearly seen that the target
frequency up-conversion with UpF = 10
was achieved in the HFO. Therefore, it was
concluded that the working principle of
the PFupCG was confirmed by model and
experiment. Additionally, the results of the
mathematical model, shown in Fig. 17 that the
PFupCG can provide a significant performance
increase over the existing VDRG architectures
in situations where the amplitude of the

motion is large compared to the dimensions
of the device.

B. Model validation

From the responses of the model and
experiment the following observations can be
made. In both the simulation and experiment
of the phase projections of the LFO shown in
Fig. 19 it can be seen that the LFO exhibits
a chaotic motion which can be described by
two competing point attractors located at the
stable points at z1 = Zl and z1 = −Zl. The
most prominent differences in the behavior of
the LFO can be observed near the mechanical
stops in Fig. 18. In the model, the velocity
of the LFO changes much faster upon hitting
the mechanical stop. Furthermore, the LFO
returns to the mechanical stop much faster,
allowing for multiple secondary impacts. In the
experimental results, the velocity change upon
hitting the mechanical stop is more smooth
and secondary impacts occur after a longer
time, if at all. This difference can be explained
by the differences in the force-deflection
behavior of the suspension that was modeled
(Fig. 6) and the one found with ANSYS
(Fig. 9). Especially the small section with a
positive stiffness next to the mechanical stops
is believed to prevent the secondary impacts
in the experiment. Furthermore, it can be seen
the that experimental result has a very slight
preference of the stable position at z1 = Zl.
This can be explained by manufacturing
tolerances or a slight offset of the setup
from the horizontal such that gravity has a
component in the DoF. This could explain why
the HFO of the experiment is mainly excited
when the LFO impacts the mechanical stop
at z1 = −Zl. Lastly, the HFO motion damps
out faster in the simulation compared to the
experiment which indicates that the modeled
damping factor was too high. In conclusion,
a more accurate model of the suspension
force-deflection curve would most likely result
in a better correspondence of the model and
experiment in those sections. However, the
differences are not of major importance to the
performance of the system, and therefore it is
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concluded that the used model is valid.

C. Domains of operation

In theory, the impact of the LFO and resulting
excitations of the HFO produce a decaying
impulse response that can be observed in the
voltage signal. In Fig. 21 this effect can be
observed. Moreover, it is shown in the figure
that the voltage signal follows the relative
motion signal of the HFO. From the measured
responses shown in Fig. 22 a clear insight can
be obtained in the operation different frequen-
cies. From the response at 1.4 Hz, the LFO
impacts can be clearly observed but produce
a low voltage due to the low impact energy.
As a result, the power output is limited by
the impact energy. At 2.5 Hz, the impacts have
more energy resulting in higher voltages. It can
be seen that at this frequency a clear pattern
emerges where the HFO comes to rest right
before excitation of the next impact occurs.
Moreover, the secondary impacts can be ob-
served from the voltage signal. This is the
optimal region of operation for the FPupCG,
and the highest power output is achieved. When
the frequency is further increased beyond 3 Hz
the HFO is not allowed to finish its ring-down
before the next impact occurs. This results in an
uncontrolled motion of the HFO and a reduced
power output. In this sub-optimal region of
operation the power output is limited by the
time constant of the ring-down of the HFO
motion.

D. Performance and miniaturization of the
PFupCG

A maximum power output of 1.8 µW
was measured over a frequency range of
2.2 − 3.1 Hz. With Eq. 4 the FoMv of the
PFupCG prototype was calculated to be
1.5522× 10−10. This extremely low value is
mainly due to the efficiency of the transducer.
The transducer in this prototype was merely a
qualitative demonstrator and the performance
of the PFupCG could be improved by orders of
magnitude by designing a proper transducer.
Specifically, improvements such as using

another piezoelectric material with a much
higher coupling factor, such as PZT-5H, and
manufacturing the transducer as a bi-morph
can result in an increased power output.

Furthermore, the large dimensions and mass
of the prototype contributed to the inefficient
performance. In an optimal theoretical embod-
iment, the device with a stroke of Zl = 5 mm
could be manufactured within an 8 cm3 vol-
ume. The total suspended mass of the device
would be Mt = 32 g when manufactured from
iron with a density of ρ = 8 g cm−3. For the
up-scaled prototype the volume and mass were
much larger, due to limitations on material,
manufacturing processes and time. However,
the displacement limit and dynamics of a
miniature version would be equal to up-scaled
prototype and therefore have the potential to
reach much higher efficiencies. Development
of a miniaturized PFupCG device will be the
direction of further research.

VIII. CONCLUSION

The main novel contributions from this
work are the classification of frequency up-
conversion strategies, the PFupCG concept
and analysis of the corresponding generalized
model and the prototype with a compliant sus-
pension embodiment that exhibits strong stiff-
ening effects at the desired displacement limits.
For operating conditions where the driving
motion has a larger amplitude than the internal
displacement limit of the generator, such as
when harvesting from (low-frequency) human
motion, the frequency up-conversion strategy
can result in an increased power output. This
was demonstrated by means of a simulation for
a driving vibration with a frequency of 2 Hz
and an amplitude of 25 mm using a generator
with a Q-factor of 0.2. Moreover, the PFupCG
prototype validated the dynamical properties of
model, but was unable to achieve a relevant
FoMv as a result of its size and inefficient
transducer design. It is expected that a minia-
turized version of the PFupCG with a proper
transducer can result in a competitive FoMv

w.r.t. the state-of-the-art.
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Chapter 5

Reflection, conclusions and
recommendations

Thijs BLAD

“The most important thing is to keep the most important thing
the most important thing.”

Donald P. Coduto

This chapter reflects on the approach, process and execution of the graduation project.
An overview of the research activities is presented schematically and some successful and
unsuccessful activities are discussed in further detail. Finally, the most important conclu-
sions are listed and recommendations are proposed for future research.
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5.1 Overview of research activities

An overview of all the research activities and the corresponding achievements is shown
schematically in Fig. 5.1. In total, the graduation project spanned a time-line of 14
months from September 1st 2016 to November 1st 2017. During this time, the research
resulted in three papers, four prototypes and two experiments. Furthermore, a great deal
of knowledge, insights and practical experiences were acquired in the field of vibration
energy harvesting.

Figure 5.1: Overview of research activities and achievements over time of the project. Blue indicates a line
of research and corresponding research activities, yellow indicates an article and red indicates practical or
experimental work.
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5.2 Successes

Over the course of the project, many things worked out well, were executed successfully
or led to usable results. The greatest successes of this project are the learning process, the
design process, and the practical work. These topics will be discussed in further detail.

5.2.1 Learning process

In view of the author, the greatest achievement was the learning process that was expe-
rienced during the graduation project. One of the most difficult challenges at the begin-
ning of the project was to form a clear overview of the challenges in the field of vibration
energy harvesting. This was especially hindered because the majority of publications
had an electrical engineering point of view and sometimes disregarded basic mechan-
ical engineering principles. In retrospect it took almost half a year to discover that the
main challenge was the actual extraction of energy from the system by obtaining rel-
evant amounts of damping. Throughout the project, a great amount of field-specific
knowledge was learned which led to a thorough understanding of the fundamentals,
challenges and concepts in the field of vibration energy harvesting.

Furthermore, general research related skills were acquired or improved upon during the
project. These skills include academic writing, prototyping, planning, presenting, con-
ducting a literature review, dealing with setbacks and the general management of your
own research project.

5.2.2 Design process

The design process is considered a particularly strong point of this thesis due to the clear
methodology that was used and maintained during multiple iterations. At the start,
much thought was invested to result in the identification of the three functions of the
generator. This effort repaid itself because the clear definition of functions greatly aided
pattern recognition in later stages of the design process. The design process was set up
to go from very general, such as assessing different options on a concept-strategy level,
to very specific and detailed, such as comparing force-deflection graphs of flexure em-
bodiments. This methodology worked out really well as it made sure no options were
overlooked in the beginning, and a best concept could be selected in the end based on
measurable quantities. Moreover, prior to every selection stage it was attempted to in-
vest much effort in defining the selection criteria, such that the selection could be con-
ducted without subjectivity. A couple of times, this resulted in new insights when under-
dog concepts came out on top of the author’s favorites.

5.2.3 Practical work

The final success that will be discussed is the practical work done on the development of
the prototypes and the experimental setup. It was learned quickly that there is a world
of difference between simulation of a model and carrying out an actual experiment. The
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most difficult task was to find a suitable way to test the prototype under the desired vi-
bration conditions. Attempts with two different air-bearing stages took over 3 months
and eventually concluded that the encoder in one of the stages was broken, and the other
was unable to follow the desired velocities. Therefore, a crank-slider driving mechanism
was fabricated which could fulfill the task and proved to be reliable.

Although it was not strictly necessary, the author decided to make the final prototype
and crank-slider mechanism out of aluminum parts. The main reason for this decision
was the desire to have a high-quality prototype that is worthy of a graduation project.
Considering that prior to this project the only practical experience of the author with
machining work were the first-year instructions on milling and turning, this was quite
a challenge. Nevertheless, the result is a properly working prototype and experimental
setup of great quality.

5.3 Unsuccessful attempts

“Failures, repeated failures, are finger posts on the road to achievement.
One fails forward toward success.”

C. S. Lewis

For everything that succeeded, there are things that did not work out well or did not
produce useful results. Upon some of those unsuccessful attempts will be reflected.

5.3.1 Piezoelectric models

Many of the models that were used in this project use the concept of viscous damping.
With the intended application of a piezoelectric transducer in mind, it should be noted
that the viscous damping model is an over-simplification of the dynamical processes in
the transducer. Therefore, the dynamics should be carefully assessed to prevent inac-
curate results and false conclusions. At the beginning of the project it was attempted
to construct models for the piezoelectric transducer systems based on the approaches
mentioned in [8]. Effort was made to construct constitutive equations for a beam with
a piezoelectric layer and implement them in a Simulink model, as can be found in ap-
pendix F. However the process was extremely time consuming and no successful results
had been acquired after weeks of work. Effectively, this pushed the project towards a
more electrical engineering based transducer design project, which was not in line with
the intended line of research. Therefore, it was decided to leave the exact modeling of
the piezoelectric transducers, and use the much more simple viscous damper models
instead.

5.3.2 Bistable flexure models

The desire to synthesize bistable flexures based on a force-deflection profile was the mo-
tivation behind the attempt described in appendix E. An approach based on pseudo-
rigid-body models was chosen due to its simplicity and successful results in the domain
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of compliant mechanisms [29, 30]. With this approach the results that can be found by
linear beam theory could be successfully replicated. Various methods were used, and a
new equation was found that could be used to synthesize the bistable preloaded fixed-
guided flexure. However, the results from this equation were not in line with the results
acquired through ANSYS and therefore the model was not deemed valid. This process
also took a few weeks and started to take up too much time that could be better spent on
the main line of research. Therefore, it was decided to no longer continue on this topic
during the graduation project. Nevertheless, the PRBM approach is an interesting line of
research and could very possibly result in a more accurate equation for the synthesis of
bistable flexures, when investigated more thoroughly in future research.

5.3.3 PZT transducer

A transducer manufactured from PZT would have a greatly increased performance com-
pared to a PVDF counterpart due to the much higher coupling factor of the material.
However, due to the brittle nature of the PZT no successful transducer was developed
with this material. Although the transducer is a fundamental part of the energy har-
vester, the main focus of this project was on the dynamics of the generator. Therefore,
the absolute performance of the transducer was not considered of great importance.
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5.4 Conclusions

Vibration energy harvesting from human motion can be used as a sustainable power
source for miniaturized electronic devices in biomedical applications. A new classifica-
tion of harvesting strategies from multi-directional motion sources was proposed and
it was demonstrated that a multi-directional approach can increase the available power
for the case study by up to 16%. However, the efficient generation of energy from such a
low-frequency-large-amplitude motion with a miniaturized device is not possible using
classical energy harvester concepts. The main reason for this is a scaling problem in the
maximum amount of damping that can be generated by the transducer prevents getting
energy out of the system.

A strategy based on frequency up-conversion by impact was explored and resulted in
the parametric frequency up-converter generator (PFupCG) concept that can allow ef-
ficient harvesting in the considered case study. Alternative strategies of frequency up-
conversion methods were also identified and a new classification was proposed. In the
considered concept, a bi-stable suspension with a break-away force equal to the maxi-
mum inertial force results in the highest power output. Using compliant mechanisms,
the bi-stable suspension could be equipped with a strong stiffening effect such that it
could function as a mechanical stop and therefore, two functions could be integrated in
a single part.

Simulation of the PFupCG model showed that when harvesting from low-frequency-
large-amplitude motion, the PFupCG can greatly outperform the classical vibration en-
ergy harvester concepts in terms of power output. Moreover, the dynamical properties
of the model were validated by experimental testing of a PFupCG prototype. Therefore,
it can be concluded that the working principle of the PFupCG is validated and it is ex-
pected that a miniaturized version of the PFupCG with a proper transducer can result in
a competitive FoMv w.r.t. the state-of-the-art.

5.5 Recommendations

Firstly, the proposed classification of frequency up-conversion strategies is a recom-
mended starting point for future research. It would be very interesting to develop basic
figures by which the performance of the sub-types can be assessed and compared. With-
out a doubt, this could result in new insights in frequency up-conversion and be a good
starting point for a future publication. Moreover, in the classification there are four sub-
types where not examples could be found. Modeling, prototyping and testing of those
embodiments could also be a great starting point for future work and possibly result in
publications or patents.

Secondly, optimization and miniaturization of the PFupCG concept are a logical con-
tinuation of the work in this thesis. It is expected that especially the design of a proper
transducer could result in a device with a competitive power output. Moreover, micro-
fabrication methods and design could facilitate the miniaturization of the PFupCG to a
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degree where it could be applied in wearable devices. Experiments where power gener-
ation is monitored with test subjects walking or performing other activities would make
a good basis for future publications. Once this is achieved, the project could be raised
to an integration and application level and possibly by applied in commercial products.
Specifically, devices worn used during exercise are recommended.

Thirdly, the fields of chaos and nonlinear dynamics are recommended as interesting
sources of insights for vibration energy harvesting form human motion. Most genera-
tors considered in literature follow predefined trajectories and have well-described mo-
tions. However, some examples were also reported where the motion of an inertial mass
was essentially unconstrained within a given area. Although no models were developed
to describe the motion of those devices, their performances in terms of power output
were surprisingly good. Therefore, it is recommended to further investigate these types
of generators.
Fourthly, it is recommended to pursue the development of a general overview of the field
of energy harvesting. The sheer amount of problems, strategies, concepts and makes it
incredibly hard for a newcomer to grasp the fundamental principles underlying ideas.
Some great classifications exist of specific domains within the field, but are not yet in-
tegrated in an overview that allows the reader to see the full picture. This is probably a
very difficult task, but it is believed that the identification of the functions of an energy
harvester as done in this thesis can be a good starting point for such an overview.

Finally, some general recommendations are listed for future work.

• When exploring a new field, prefer reading books over review articles over papers.

• Just building something is often a more convenient way of testing than ANSYS.

• PVDF is a good prototyping replacement for the brittle PZT, but virtually no power
output.

• Flexures of 0.05mm can best be cut with a mechanical scissors, or by micro-laser
machining.

• The act of gluing spring steel flexures in slots of PMMA parts is great for prototyp-
ing conceptual ideas. However, a huge variance is observed in the force-deflection
behavior of preloaded flexures.
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Quantifying the Heat Affected Zone
in Laser Micro-Machined Piezoelectric Structures

B.Jia* and T.W.A. Blad*, D. Farhadi Machekposhti, P.R. Kuppens and N. Tolou
*Both authors contributed equally

Abstract—As a manufacturing method for fast prototyping of
MEMS (Mechanical Electro Micro System), laser micro machining
with fast pulsed laser source has drawn great attention. Yet
the limited thermal damage has not been quantified precisely.
A set of piezoelectric material has been processed under different
sets of parameters from Taguchi process optimization. And the
piezoelectric coefficient was measured for both laser cut and
natural broken pieces as the indication of the piezoelectric
property loss due to thermal damage, thus the Heat Affected
Zone is quantified precisely. The lowest surface roughness of 755
nm was obtained and no obvious piezoelectric property loss was
found after one Taguchi iteration. Furthermore, a beam micro-
actuator was fabricated based on the optimal laser parameters
found in this research.

Index Terms—Vibration energy harvesting, Piezoelectric materi-
als, Heat affected zone, Laser micromachining.

I. INTRODUCTION

P IEZOELECTRIC materials exhibit a coupling between the
mechanical and electrical domains which makes them well

suited for sensing and actuation. One advantage of piezoelec-
tric transducers is their retained efficiency when miniaturized
[1]. On this scale, applications include micro-surgery, micro-
positioning stages, wireless sensor networks and micro-energy
harvesters. Moreover, piezoelectric materials make excellent
candidates for distributed sensing and actuation applications in
compliant mechanisms. Research in these fields is often of an
experimental nature, which inevitably requires the design and
fabrication of numerous prototypes.
Due to their high coupling factors, piezoelectric ceramics are
the most commonly used. The brittle properties of the ceramics,
however, limit the use of conventional cutting and grinding ma-
chining at the small scale. Traditionally, the manufacturing of
miniaturized sensors and actuators from piezoelectric material
is done with processes such as lithography and chemical vapor
deposition. These processes usually have a very long cycle time,
making each iteration during prototyping very time consuming.
An alternative to these methods may be laser micro-machining,
which has the potential to shift the prototyping time scale
for miniaturized devices from months to minutes. Therefore,
laser micro-machining may allow for rapid prototyping of
miniaturized piezoelectric devices.
The material removal of laser micro-machining is achieved by
ablation process which is thought to be a combination of main
steps: energy absorption, energy transfer and material removal
[2]. The chemical connections in the material are directly
broken by the absorption of high energy photons which results
in the detachment of micro particles [3]. During this process,
heat that is generated as a result of ablation is diffused into

surrounding material through conduction. This results in a
heat affected zone (HAZ) where material properties have been
altered.

When laser micro-machining of piezoelectric material
is considered, temperatures above the Curie temperature
(typically 200 − 400 ◦C [4]) may be reached in the HAZ. As
a result, the piezoelectric properties may be lost locally. When
the length scales of the piezoelectric structures are in the
order of the HAZ dimensions, the performance of the device
may be severely reduced. Especially during the prototyping
of miniaturized piezoelectric sensors and actuators this is a
problem as it may lead to non-functional devices.

Prior art on the quantification of the dimensions and effects of
the HAZ in laser micro-machining of piezoelectric structures
is mostly limited to visual inspection of color changes of the
material surface [5]–[7]. Reduced performance as a result
of laser micro-machining with a 355 nm YAG laser were
reported by Zeng et al. (2004) [8]. It was found that the
piezoelectric properties were reduced as a result of the loss
of Pb and the existence of a pyrochlore phase. The solution
proposed in this paper was the annealing at 1150 ◦C under
PbO-controlled environment for 1 h. Lam et al. (2013) [9]
investigated the machining of PMN-PT single crystal with
a 355 nm YAG laser. The main conclusion was that the
piezoelectric properties were reduced in an area of about
50 µm from the cutting line. Furthermore, it was shown that a
narrower cut can be obtained by using less power per pulse,
and a higher amount of repetitions. In Nadig et al. (2013) [10],
[11] it was observed that the piezoelectric properties of bulk
PZT-5H were lost entirely after laser micromachining with a
355 nm UV laser. The smallest features in this design were
125 µm with a thickness of 500 µm. Another attempt resulted
in successful fabrication of these features from PZT-4A, which
was presumed to be a result of the higher curie temperature
of the material. On the contrary, Kim et al. (2008) reports no
significant loss of macroscopic performance after machining
features of 500 µm with a 1064 nm YAG laser. This result was
found to be consistent with a previous study [12] where the
piezoelectric properties of PZT were found to be unaffected
as a result of femtosecond laser-machining (FLM). In that
study, however, it was argued that substantial HAZ effects
were expected for lasers with pulse durations in the order of
nanoseconds.

The objective of this research is to investigate the effects of
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the laser parameters on the HAZ in laser micro-machined
piezoelectric structures. This will lead to insights that could
aid in the development of a novel design guidelines for the
laser micro-machining of piezoelectric structures.

Part II will present the designs of the piezoelectric actuator and
sensor test pieces and the methods used for the manufacturing.
This will include the selection of the laser parameters, selection
of the array, cleaning the piezoelectric material and testing the
capacitance and d33 piezoelectric coefficients. The results of the
experimental tests will be presented in chapter III and discussed
in chapter IV. Furthermore, the discussion will include an
example of how these results can be integrated in a micro-
compliant mechanisms with distributed actuation. Lastly, the
most important conclusions will be summarized in part V.

II. METHOD

Laser micromachining processes remove material through the
ablation of the target material as a result of the laser energy.
Associated with the laser-material interaction is the conduction
of heat through the target material. This may result in a heat
affected zone in which the material properties are altered. When
the fabrication of miniaturized piezoelectric sensors or actuators
is considered, temperatures above the Curie temperature of
the material may be reached. As a result, the piezoelectric
properties, and thereby the performance of the device, may be
severely reduced. In this research, piezoelectric test structures
will be manufactured using a laser micro-machining process to
quantify the resulting HAZ. This is illustrated in Fig. 1.

Fig. 1: Laser micro-machining of piezoelectric structures results
in a HAZ. This research aims to quantify this HAZ through
measurement of piezoelectric properties.

First, laser parameters will be selected using the method of
orthogonal arrays. With these parameters, test structures will
be manufactured from a plate of piezoelectric material by
laser micro-machining. Each test structure will be manufactured
individually and numbered. Next, the test structures are cleaned
using an ultra-sonic cleaner while immersed in isopropyl al-
cohol. Finally, the capacitance, piezoelectric strain coefficient
and the surface roughness of the side walls are measured.
The measured piezoelectric strain coefficients are compared to
theoretical values from datasheets to quantify the HAZ. Using
these measurements, the effects of the laser parameters on the
manufacturing of piezoelectric structures is quantified.

TABLE I: Overview of material and geometrical parameters used
in the experiment. The resulting properties of the test structure
were calculated using Eq. 1-3.

Parameter Symbol Value
Type PIC252
Curie temperature Tc 350 ◦C

Material Elastic modulus E 62GPa
Relative permittivity εr 1750
Density ρ 7.8 g cm−3

Length L 10mm
Geometry Width w 1mm

Thickness h 100 µm
Capacitance (square) Cp 620 pF
Capacitance (beam) Cp 310 pF

A. Material and geometry

The piezoelectric structures are squares with the dimensions of
2mm× 2mm and beams of 2mm× 1mm. The test structures
are expected to be sensitive to material degradation in the HAZ
due to the small dimensions. The piezoelectric material that will
be used are plates of PIC 252 from PI ceramics with a thickness
of t = 100 µm. The Curie temperature of this material is 350 ◦C
and the relative permittivity is εr = 1750 [4]. The expected
capacitances, Cp, of the test structures were calculated by the
following equation.

Cp =
εrε0A

t
(1)

Where εr is the relative dielectric constant, ε0 the permittivity
of free space, A the electrode surface area and t the thickness
of the piezoelectric material. The results are a capacitance of
620 pF for the squares and a capacitance of 310 pF for the
beams. The material parameters and geometries are summa-
rized in Table I.

B. Manufacturing procedure

The material is fixed on a ceramic substrate which is fixed by
the vacuum extractor from beneath. A gap between substrate
and sample is created by adding substrate material of 1mm
thickness at all edges, in order to prevent the accumulation of
thermal energy at the bottom of the sample.
A Spectra-Physics Talon 355-15 diode pumped solid-state
(DPSS) UV laser system with a wavelength of 355nm and
maximum power of 15 watts at 50 kHz is adapted in this
project. The maximum frequency is 500 kHz with pulse width
35ns. A BOFA extractor and filter is integrated in order to
exhaust fumes. The laser beam delivery including energy at-
tenuator, mirrors and steering mechanism. The optical steering
is achieved by a Galvo head from Rhothor with a scan range
of 46x46mm and focal length of 100mm. An overview of the
setup is illustrated in Fig. 2.
The X-Y stage has a range of 80mm square with 1 µm effective
resolution. The laser beam scanning motion is done by a
laser deflection systems based on the Lorentz force motors
with internal active optical feedback in order of dramatically
reducing sensitivity to external noise. Galvo head had the
range of 46x46mm with local length of 100mm, the writing
speed is 1300cm per second maximum.
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All the test pieces were cleaned by using an ultra-sonic cleaner
while immersed in isopropyl Alcohol [13].

C. Laser parameter selection

The three laser parameters that were controlled in this experi-
ment were the diode current, A, laser pulse frequency, f , and
the overlap, O. These parameters were selected because the
diode current is directly related to laser power, and the pulse
width varies depending on the frequency in the configuration of
the laser system. The overlap is related to the scanning speed,
v, by the following relation.

v = f · r · (1−O) (2)

Where r is the spot size of the laser. The method that will
be used for the selection of the process parameters is the
orthogonal array method, which finds its origin in the Taguchi
method [14]–[16]. In this method, orthogonal arrays are
used to study the relation between process parameters and an
objective function. For each process parameter, a finite number
of values is selected called the level settings. We adapt three
variables with three levels for each variable. The combinations
of the level settings of different parameters are arranged into
orthogonal arrays, which ensure that every pair of parameter
levels occurs an equal amount of times. Due to this pair-wise
balancing of level settings, the effects of multiple process
parameters can be studied simultaneously without distorting
the effects of individual process parameters. As a result, the
orthogonal array method allows the maximum amount of
information to be derived by using the fewest experiments [17].

Initially, the applied energy of each shot was fixed as constant
which is the maximum value of the laser, which will decrease
the variant output from laser pulses, at the same time the trend
between thermal damage and output power is more obvious
to be observed. The lower boundary of the range of the
controlled parameters was set such a reproducible cut-through
would be achieved for every combination. These values were

Fig. 2: Laser beam delivery setup

Fig. 3: Schematic representation of redundant lines and separating
gaps used in laser micro-machining. These features are added to
help the laser move into the workpiece.

empirically determined to be A = 6A, A = 20 kHz and
A = 70%. The upper boundary of the range was set at the
maximum settings of the machine, which were A = 7A,
A = 30 kHz and A = 90%. This range is divided into three
levels for every factor.

A second experiment was conducted variant energy pulses
which is no long fixed as constant, meaning the pulse energy
varies depending on frequency and using a narrower range
of the controlled parameters. This will decrease the overall
energy applied in order to find the optimal parameter sets in
a lower energy regime. Again, the lower boundary was set
to A = 6A, A = 15 kHz and A = 60%, such that every
experiment would result in cut-through. The upper boundary
of the range was set at A = 7A, A = 25 kHz and A = 80%,
which was chosen because .

During both experiments, the other parameters were fixed as
suggested by prior art [18]. They include the wavelength, pulse
width, number of redundant lines and gap size between those
lines. Redundant lines are often used in laser micro-machining
in order to help the laser beam move into the work piece . In
Fig. 3 the redundant lines and gaps are depicted schematically.
Here, 3 redundant lines were used with a gap size of 20 µm
which was suggested in [19], which corresponds to the laser
spot diameter of the laser beam. A complete overview of the
level settings for the controlled parameters and the values of
the fixed parameters is shown in Table II.

D. Measurement procedure

After cleaning, the capacitance and dielectric loss coefficient
of the piezoelectric structures was measured using an Agilent
4263B LCR meter at 1 kHz. The piezoelectric charge constant,
d33 was measured using a PiezoTest PM300 Berlincourt type
d33 meter. The piezoelectric charge coefficient measurements
were conducted twice for each test structure. Between the two
measurements the sample was flipped such that both a positive
and a negative value was obtained for the piezoelectric charge
constant.
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TABLE II: Overview of parameters used in this research

Symbol Factor name Level 1 Level 2 Level 3
A diode current [A] 6.0 6.5 7.0
B frequency[KHz] 20 25 30
C overlap [%] 70 80 90

Symbol Factor name Level 1 Level 2 Level 3
A diode current [A] 6.0 6.5 7.0
B frequency[KHz] 15 20 25
C overlap [%] 60 70 80

The surface roughness of the side walls of the samples
were measured using a white light interferometer (Bruker
Nano Surfaces Division), and was processed by integrated
software of (Vision 64). For the measurement, the Ra value is
measured over the whole side wall area. This value measures
the deviations from the mean of the roughness profile and is
corrected for tilt angle. The surface roughness measurements
are conducted three times in order to limit random errors.

The surface is considered as non-periodic profile instead of
conventional laser manufacturing profile as the result shows
surfaces under specific settings are non-periodic where is laser
path is no longer obviously existed.

Finally, the samples were inspected using a Scanning Electron
Microscope (SEM) from Jeol JSM-6010LA.

E. Data analysis

The controlled parameters were analyzed for each level setting
by taking the average of the measured properties of all the
test structures manufactured with that particular level setting.
This resulted in 9 averages for the surface roughness and the
piezoelectric charge constant. The effects of the individual
controlled parameters is given by the variance between the
three averages for that particular control parameter. For more
information on this method we refer the reader to [17] .

TABLE III: Application of the orthogonal array result

Mean value of one parameter level
A1 = Set (1 + 2 + 3) /3
A2 = Set (4 + 5 + 6) /3
A3 = Set (7 + 8 + 9) /3

f1 = Set (1 + 4 + 7) /3
f2 = Set (2 + 5 + 8) /3
f3 = Set (3 + 6 + 9) /3

O1 = Set (1 + 6 + 8) /3
O2 = Set (2 + 4 + 9) /3
O3 = Set (3 + 5 + 7) /3

F. Fabrication of piezoelectric beam micro-actuator

Using the manufacturing procedure described in the previous
section and the parameters that were found to result in a

minimal heat affected zone, a micro-scale piezoelectric actua-
tor/sensor was fabricated. The device consists of a piezoelectric
beam with a length of 5mm and a width of 100 µm. The
electrode layer on the top side of the beam was removed along
a 30 µm wide line over the total length of the beam. A section
of the design is illustrated in Fig. 4.

Fig. 4: Schematic indication of the design of an in-plane piezo-
electric beam micro-actuator.

By applying a voltage across the terminals, the beam can be
used as an in-plane micro-actuator. Alternatively, the device
can be used as a sensor by measuring the voltage across the
terminals to sense the deflection of the beam. The structure
could also be used as a resonance energy harvester which would
operate in the natural frequency of the beam, ω, that can be
estimated by the following equation [20].

ω = 2πf =

√
k

33
140m

, (3)

In this formula, m is the mass of the test structure and k is the
stiffness which can be approximated by linear beam theory.

k =
3EI

L3
=
Ewt3

4L3
, (4)

Where E is the elastic modulus of the material, I is the moment
of inertia, and L, w, t are the length, width and thickness,
respectively. For the proposed beams, a mass of m = 0.39mg
and a stiffness of k = 12.4Nm−1 were estimated. As a result,
the resonance frequency of the beam was estimated to be
5.64 kHz.

III. RESULTS

The results are listed in Table IV.

As can be seen in the table the smoothest surface had a
value of Ra = .755µm and was obtained by parameters of
set 4. And based on the parameters of set 4, a micro-beams
were successfully manufactured and illustrated in Fig. 5a. The
resulting beam had a tapered shape, where the width of the top
side was measured at 79 µm and the bottom side at 109 µm.
As shown in Fig5a the two sides of the beam are covered with
different types of electrode materials. And the yellow side (left)
of the beam, the electrode surface is separated by a line of laser
engraving which was tested by a resistance measurement.
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TABLE IV: Results of the measurements and orthogonal array method. Surface roughness measurements of a) experiment 1 and b)
experiment 2, electrical properties of the test pieces from c) experiment 1 d) experiment 2, mean value of per parameter of surface
roughness

(a) surface roughness of experiment 1

Set number A B C Power (W) 2x1mm 2x2mm Average (µm)
1 1 1 1 4.434 4.24 3.918 4.176
2 1 2 2 3.405 5.23 4.459 3.932
3 1 3 3 4.718 6.44 5.242 4.980
4 2 1 2 3.589 4.02 3.424 3.506
5 2 2 3 6.690 6.29 3.620 5.155
6 2 3 1 6.230 3.24 2.966 4.598
7 3 1 3 4.436 5.57 4.142 4.289
8 3 2 1 7.549 6.61 6.310 6.929
9 3 3 2 6.052 8.06 8.327 7.189

(b) rusface roughness of experiment 2

Set number A B C 2x1mm Power 2x2mm Average (µm)
1 1 1 1 0.910 1.12 0.840 0.875
2 1 2 2 1.633 1.24 1.143 1.388
3 1 3 3 0.864 2.25 0.877 0.870
4 2 1 2 0.759 1.35 0.751 0.755
5 2 2 3 0.885 1.73 0.939 0.912
6 2 3 1 0.659 2.42 0.860 0.759
7 3 1 3 0.796 1.60 1.172 0.984
8 3 2 1 0.828 1.96 1.293 1.060
9 3 3 2 1.254 2.88 1.127 1.190

(c) Electrical properties of experiment 1

Identification Dimensions Capacitance δ coefficient d33 value
1 2 x 2mm 510 pF 0.0213 172 pCN−1

2 2 x 2mm 520 pF 0.0213 176 pCN−1

3 2 x 2mm 544 pF 0.0353 150 pCN−1

4 2 x 2mm 512 pF 0.0217 166 pCN−1

5 2 x 2mm 501 pF 0.0283 153 pCN−1

6 2 x 2mm 497 pF 0.0300 131 pCN−1

7 2 x 2mm 523 pF 0.0315 162 pCN−1

8 2 x 2mm 502 pF 0.0215 143 pCN−1

9 2 x 2mm 487 pF 0.0319 132 pCN−1

1 1 x 2mm 265 pF 0.0242 161 pCN−1

2 1 x 2mm 254 pF 0.0272 111 pCN−1

3 1 x 2mm 232 pF 0.0386 102 pCN−1

4 1 x 2mm 240 pF 0.0223 114 pCN−1

5 1 x 2mm 220 pF 0.0346 40 pCN−1

6 1 x 2mm 217 pF 0.0264 52 pCN−1

7 1 x 2mm 242 pF 0.0249 111 pCN−1

8 1 x 2mm 237 pF 0.0250 85 pCN−1

9 1 x 2mm 217 pF 0.0344 19 pCN−1

(d) Electrical properties of experiment 2

I.d. Dimensions Capacitance Positive d33 value Negative d33 value
1 2 x 2mm 497 pF 180 pCN−1 −163 pCN−1

2 2 x 2mm 500 pF 170 pCN−1 −170 pCN−1

3 2 x 2mm 498 pF 168 pCN−1 −170 pCN−1

4 2 x 2mm 491 pF 185 pCN−1 −162 pCN−1

5 2 x 2mm 504 pF 170 pCN−1 −161 pCN−1

6 2 x 2mm 497 pF 156 pCN−1 −175 pCN−1

7 2 x 2mm 514 pF 152 pCN−1 −151 pCN−1

8 2 x 2mm 502 pF 175 pCN−1 −174 pCN−1

9 2 x 2mm 514 pF 164 pCN−1 −167 pCN−1

1 1 x 2mm 250 pF 136 pCN−1 −123 pCN−1

2 1 x 2mm 257 pF 119 pCN−1 −166 pCN−1

3 1 x 2mm 249 pF 140 pCN−1 −142 pCN−1

4 1 x 2mm 255 pF 117 pCN−1 −124 pCN−1

5 1 x 2mm 243 pF 158 pCN−1 −135 pCN−1

6 1 x 2mm 252 pF 146 pCN−1 −122 pCN−1

7 1 x 2mm 250 pF 128 pCN−1 −105 pCN−1

8 1 x 2mm 254 pF 111 pCN−1 −121 pCN−1

9 1 x 2mm 248 pF 159 pCN−1 −133 pCN−1

Ref.1 - 548 pF 155 pCN−1 −160 pCN−1

Ref.2 - 595 pF 149 pCN−1 −165 pCN−1

Ref.3 - 891 pF 162 pCN−1 −178 pCN−1

(e) Mean value of surface roughness of experiment 1

Per parameter level Roughness (µm) Ra(Max)-Ra(Min)
A1 4.362
A2 4.419 1.773
A3 6.135
f1 3.990
f2 5.338 1.599
f3 5.589
O1 5.234
O2 4.875 0.423
O3 4.811

(f) Mean balue of surface roughness of experiment 2

Per parameter level Roughness µm Ra(Max)-Ra(Min)
A1 1.044
A2 0.809 0.269
A3 1.078
f1 0.871
f2 1.120 0.249
f3 0.940
O1 0.898
O2 1.068 0.170
O3 0.922

(a) Beam with seperated electrode (b) A one euro coin beside as a refer-
ence

Fig. 5: Resulting micro-beam with electrode removed in the centre
along the length; manufactured with the laser parameters from set 4

IV. DISCUSSION

A. Surface roughness

The findings of best surface roughness is found under parame-
ters of set 4, and the worst is at set 2. The SEM images in Fig
6 provide a visual comparison between these surface qualities.
In a) there is material irregularly accumulated at the bottom
of the work piece while the rest part of the cross section area
show smooth and clean cut. However in b) the cut shape is
straight and uniform along all the cross section area. A potential
explanation of this phenomenon is the interaction between
substrate material and pzt ceramic. The ablation threshold of
substrate material is higher than the fluence of set 4 while
lower than the fluence of set 2, which huge amount of heat is
accumulated at the bottom for set 4 and created melted material
while in set 2 laser directly cut through the whole pzt material
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(a) Experiment 1 set 9 (b) Experiment 1 set 4

(c) Experiment 2 set 9 (d) Experiment 2 set 4

Fig. 6: SEM photage of side wall view for best and worst surface.

and into substrate material. Further experiment with variety
of substrate materials can be conducted to further testify this
reasoning.
It can be seen from the SEM images6 that the right image is
obviously more clear and clean compared to the left figure,
the laser foot path is less presented in the cross section area.
From table IV e and f, it can be concluded from the results
of experiment 1 that amongst the three controlled variables,
the diode current (A) has the most severe effect on both
the surface roughness and the piezoelectric coefficient loss.
While the overlap has the least influence on the surface
roughness.Furthermore, both sets of Taguchi optimization loops
indicated the same trend in optimal setting, despite of the
different levels of pulse energy.

B. HAZ

Generally, the HAZ is strictly related to the the amount of
energy applied, specifically the energy introduced into per
unit area material also known as fluence. From TabIV c,
we can firstly conclude that the clear existence of thermal
damage, because of the differences in d33 value of samples
with different sizes under the same settings. Secondly, we
can observe the clear trend of more piezoelectric property
loss with more output power applied. However, the surface
roughness is non-linearly affected by multiple factors of the
process. The experiment prove can be found in measurements
results. The set of minimum HAZ is not necessarily the same
as the set with the smoothest surface. which means the optimal
settings varies base on different criteria.

As the reference, there are also three sets of un-cut samples
measured during the experiential. However, the results showed
measured value is far lower than the theocratic value. This
could be leaded by either limited accuracy of the piezo-
measurement set-up, or the poor fabrication quality of the
material. Yet this offset does not affect the outcome overall

trend obtained in this research.

It is needed to notice that for experiment sets with low
energy applied, the d33 values are accidentally higher than the
reference un-cut value, this could be leaded by the random
error of measurement equipment. It could also be the instant
temperature at the laser spot is near sintered temperature of
PZT material while the laser beam acts as electromagnetic wave
which change the piezoelectric coefficient of the samples [21],
[22].

C. Methods

In a full set of typical Taguchi optimization, an outer ray
is expected to be chosen, which is normally noise factors.
However, for this particular project, noise factors are believed
not controllable, nor cheap to control in other words.Thus there
is no outer ray selected. Because noise factors are factors
such as weather environment and humidity, which could be
investigated by adding an outer array in further research.
Gas or water assistance are also considered not applicable in
this research, but could be interesting in the further studies to
eliminate the thermal damage.

V. CONCLUSION

In this research the influences by parameters of diode current,
pulse frequency, overlap, along with the surface roughness and
heat affected zone were investigated during the laser micro-
machining of PZT material. The heat affected zone was quan-
tified by comparing the measured values for the d33 coefficient
to the theoretically predicted results. As shown in this study,
the piezoelectric property of laser machined test structures
can be reserved tremendously to 99% by using the optimized
machining settings. And the by applying higher energy, the
more piezoelectric property lost.
Side wall surface roughness can be significantly improved to
reach 759 nm. While the setting for minimum HAZ is not
subject to the setting for best surface roughness. Furthermore,
it was demonstrated that a piezoelectric beam micro-actuator
can be fabricated using the optimized machining settings.
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Appendix B

Design process

"Design is not just what it looks like and feels like. Design is how it works"

Steve Jobs

Figure B.1: Categorization of solution space for the three functions of the vibration energy harvester by
approach and strategy. For every strategy, an objective is formulated.
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Figure B.2: Morphological chart of solutions within the selected strategies for the three functions of the
vibration energy harvester. The solutions are categorized by embodiments.

Figure B.3: Elimination criteria for structured elimination of solutions from the morphological chart.
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Figure B.4: Resulting morphological chart after elimination procedure. All combinations of the resulting
solutions were sketched as a conceptual drawing

The remaining 59 combinations of solutions were sketched and can be seen in Fig. B.5
and Fig. B.6. From the sketches, 8 concepts were selected and assessed based on a set
of assessment criteria that was drafted and can be found in Fig. B.8. The result of this
assessment is shown in Fig. B.7. Based on the assessment, three concepts were selected
for further investigation.
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Figure B.5: First set of conceptual drawings.

Figure B.6: Second set of conceptual drawings.
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Figure B.7: Assessment of 8 selected concepts.

Figure B.8: Assessment criteria for selected concepts.
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Figure B.9: Drawings, Solidworks models and prototypes of the most promising concepts.



Appendix C

Prototypes and practical work

"The trick to having good ideas is not to sit around in glorious isolation and try to think
big thoughts. The trick is to get more parts on the table.”

Steven Johnson

C.1 Introduction

Over the course of this project a number of prototypes were developed and fabricated.
The practical work resulted in three functional vibration energy harvester systems, one
experimental setup, two laser micro-machining projects and a number of components
and parts. In this chapter, methods and materials and the resulting prototypes are pre-
sented.

C.2 Functional vibration energy harvester systems

In total, three series of prototypes of functional vibration energy harvester systems were
manufactured. These systems were able to fulfill all the functions that make up a vi-
bration energy harvester. Their design and manufacturing processes included the me-
chanical parts, the transducer and the electrical conditioning circuitry required to store
and demonstrate the generated energy. The vibration energy harvesting systems that
were generated are named the low-frequency resonant generator, the ball impact gen-
erator and the parametric frequency up-converter generator. Of the last prototype, the
series includes three models (Mk.1, Mk.2 and Mk.3). Every prototype will be classified
according to the classification developed in Table. 3.1, and have its working principles
described briefly. Furthermore, manufacturing and assembly methods, design consid-
erations, individual components, performance analyses and pictures of the prototypes
will be discussed.
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C.2.1 Low-frequency resonant generator

The first prototype that was developed was the low-frequency resonant generator (LFRG).
This basic prototype was developed mainly to get a feeling for the working principles of
an energy harvester in practice. The LFRG is basically a flexible cantilever with a heavy
tip mass designed to have a resonance frequency of 2Hz. The LFRG was equipped with a
piezoelectric transducer from the flexible PVDF material. Therefore, the generator could
generate output power over a large amplitude motion without breaking the transducer.
The classification of the generator is given in Table. C.1.

Function Used strategy
Transfer Inertial - Resonant
Transmit Non-coupled
Transduce Piezoelectric

Table C.1: Classification of low-frequency resonant generator.

Materials and methods

The mechanical harvesting element consists of a bilayer cantilever, a tip mass and clamps
at the end of the cantilever. The bilayer cantilever is composed of a spring steel substrate
layer bonded to a PVDF piezoelectric layer using Loctite super glue. Both the substrate
and the piezoelectric material were manufactured using the laser-micro machining. The
clamps were mounted at the ends of the bilayer cantilever and a block connector was
pushed in one of the clamps from the other end such that one of the pins made contact
with the electrode of the PVDF and another pin made contact with the substrate. The
electrically connected cantilever without tip-mass can be seen in Fig. C.1. The whole as-
sembly was fixed using super glue, and the mass was attached to the clamp at the other
end of the cantilever. The materials, geometries and expected dynamic properties of the
mechanical components are summarized in Tbl. C.2.

Figure C.1: Cantilever assembly of the LFRG proto-
type excluding proof mass.

Parameter Value
Substrate Stainless steel

Material Piezo PVDF
Tip mass Stainless steel
Fixures PMMA
Free length 30mm

Geometry Width 7mm
Substrate thickness 100µm
Piezo thickness 110µm
Stiffness 40Nm−1

Dynamics Tip mass 64g
Eigenfrequency 2Hz

Table C.2: Specifications of the LFRG prototype.
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The electrical conditioning circuit of the energy harvester is shown schematically in Fig.
C.2. The circuit consists of a full wave rectifier, a capacitor with capacitance, Ce = 33nF,
a switch, an LED and two output terminals which can be used to measure the energy
stored in the capacitor. When the device is excited the capacitor is charged. The capaci-
tor can be discharged by flipping a switch which results in a bright flash of the LED.

ce R

Figure C.2: Harvesting circuit with full-wave rectifier followed by a smoothing capacitor, Ce , to obtain a
constant rectified voltage over the resistive load, R.

Result

The cantilever and electrical system were mounted in a PMMA casing, which resulted
in the prototype shown in Fig. C.3. To measure the generated power, the capacitor was
replaced with a larger capacitor of 11µF and the voltage was recorded while shaking the
prototype by hand. The charging of the capacitor to 4V took about 10 minutes. Back of
the envelope calculations found that the energy output of the LFRG was about 0.3µW.
Obviously, this prototype is a highly inefficient generator in all aspects, but the fabri-
cation and testing of this prototype greatly helped to develop an intuitive feeling and
practical understanding for the problems with harvesting energy from low-frequency
vibrations. Furthermore, practical tips and tricks were learned that were used in the de-
velopment of later prototypes.
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Figure C.3: Prototype of the LFRG (a) and voltage over capacitor while shaking device by hand (b).
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C.2.2 Ball impact generator

The second prototype that was developed was the ball impact generator (BIG). This pro-
totype, inspired by the design of [21], was one of the alternative frequency-up conversion
designs that was not selected for the final prototype. However, a prototype of this design
was fabricated mainly out of interest for its working principle, and the unnerving de-
sire of the author to tinker on a prototype. The BIG is a box with piezoelectric audio
buzzers attached to the sides and metal balls rolling freely in the center. Upon shaking
the device, the metal balls impact on the audio buzzers and thereby generate power. As
a side-effect, a great deal of noise is generated. In Table. C.1, the classification of the
generator strategy and the classification of the used frequency up-conversion method
are given.

Function Used strategy
Transfer Inertial - Parametric
Transmit Coupled - Frequency up-converter
Transduce Piezoelectric
Coupling LFO-HFO direct-impact type

Table C.3: Classification of ball impact resonant generator, according to Table. 3.1 and Table xx.

Materials and methods

The housing of the BIG has the hollow structure shown in Fig. C.4 that was fabricated
using 3d printing. This was the only manufactured parts, since the piezoelectric au-
dio buzzers and metal balls were bought from a local hardware store. The parts were
mounted in the casing using super glue, and the balls were placed in the middle, such
that they could move freely. The materials, geometries and expected dynamic properties
of the mechanical components are summarized in Tbl. C.2.

Figure C.4: 3D model of the housing of the BIG pro-
totype.

Parameter Value
Housing PLA

Material Piezo PZT / Brass
Balls Stainless steel
Ball diameter 10mm

Geometry Buzzer diameter (brass) 45mm
Buzzer diameter (piezo) 30mm

Table C.4: Specifications of the BIG prototype.
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The electrical conditioning circuit of the BIG was identical to the electrical circuit used
in the LFRG shown schematically in Fig. C.2. The only difference was that a bigger ca-
pacitor was used of Ce = 125µF.

Result

The BIG prototype is shown in Fig. C.3. To measure the generated power, the voltage
was recorded while shaking the prototype quite rigorously by hand. From the figure can
be seen that the charging of the capacitor to 5V took about 16 seconds. Back of the en-
velope calculations found that the energy output of the BIG was about 195µW. Although
this was a significant increase w.r.t the LFRG, the BIG still remained a highly inefficient
generator. The most valuable lesson from the fabrication of the BIG was the insight that
somewhat out-of-the-box generator concepts, like the BIG, could compete with the es-
tablished cantilever concepts in terms of power generation per volume. Furthermore, it
was learned that a BIG should never be applied in any application close to the ear with-
out proper sound proof insulation.

Figure C.5: Prototype of the BIG (a) and voltage over capacitor while shaking device by hand (b).
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C.2.3 Parametric frequency up-converter generator

The parametric frequency up-converter generator (PFupCG), shown in Fig. C.6, is a non-
resonant generator designed to harvest from low-frequency vibrations with an ampli-
tude larger than its internal displacement limit. In the PFupCG an inertial mass is con-
nected to the housing by a suspension with a bi-stable characteristic, and mechanical
stops. Upon excitation by a driving motion with sufficient acceleration the inertial mass
can snap out of one of its stable positions, pass its instable position and reach the dis-
placement limit at the other side with considerable velocity. At the displacement limit
the suspended mass will experience an impact on the mechanical stop, which will trig-
ger an impulse response in the secondary oscillator such that it begins to vibrate in its
own natural frequency. Energy is generated by a transducer harvesting from the relative
motion between the inertial masses of the suspension system and the secondary oscil-
lator. During a harmonic excitation the inertial mass snaps back and forth between the
two stable positions, exciting the secondary oscillator on every impact and generating
power.

Figure C.6: Overview of the PFupCG architecture

Function Used strategy
Transfer Inertial - Parametric
Transmit Coupled - Frequency up-converter
Transduce Piezoelectric
Coupling Base-LFO direct-impact type

Table C.5: Classification of ball impact resonant generator, according to Table. 3.1 and Table xx.
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Mk.1

The first version of the PFupCG was made from 3d printed housing, a laser machined
shuttle and spring steel flexures. In the shuttle and the housing, slots of 0.2mm were
designed and the spring steel flexures were attached in the slots using super glue. In
the housing, a pre-loading mechanism was designed with which the pre-loading on the
central flexures could be tuned. By turning the bolts, the bolt would push the mount-
ing point of the central flexure inwards and the flexure would buckle. The other sets of
flexures were fabricated under a very slight angle such that they would allow a small dis-
placement of the shuttle and act as mechanical stops when loaded in tension. To finish
the device, some assembled piezoelectric cantilevers identical to the one shown in Fig.
C.1 were mounted on the shuttle. The result of the PFupCG Mk.1 is shown in Fig. C.7.

Figure C.7: Prototype of the PFupCG Mk.1

Parameter Value
Housing PLA

Material Flexures Spring steel
Shuttle PMMA
Flexure thickness 0.1mm

Geometry Flexure free length 45mm
Flexure width 5mm

Table C.6: Specifications of the PFupCG Mk.1.

Mk.2

The second version of the PFupCG was constructed from PMMA parts and spring steel
flexures. The parts were manufactured from 5mm thick PMMA using laser machining.
In the sides of the parts, tiny slots of 0.2mm thickness were designed as mounting parts
for the flexures. The 0.05mm thick flexures were mounted in the slots and fixed with
super glue. Finally, a 15g proof mass made from aluminum was mounted on the central
platform to create the high frequency oscillator. The pre-loading of the bistable flexures
was done by moving the central parts together, and fixing them with super glue.

Figure C.8: Prototype of the PFupCG Mk.2

Parameter Value
Housing PMMA

Material Flexures Spring steel
Proof mass Aluminum
Flexure thickness 0.1mm

Geometry Flexure free lengths (outside) 40mm
Flexure free lengths (inside) 15mm
Flexure width 5mm

Table C.7: Specifications of the PFupCG Mk.2.
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Laser-cut PMMA, stainless steel flexures and super glue are an excellent rapid prototyp-
ing method for compliant mechanisms. Therefore, many versions of the PFupCG Mk.2
were fabricated over the course of the project. However, many imperfections are induced
by the gluing of the flexures which makes it virtually impossible to accurately calculate
the stiffnesses of buckled flexures. Generally, the prototypes could exhibit stiffnesses of
roughly 10 to 60% of the calculated stiffness.

Mk.3

The third and final version of the PFupCG was manufactured from aluminum parts and
spring steel flexures. The 5 body parts and 4 flexure attachments were milled by hand
and the flexures were fabricated by laser micro-machining. At both ends of each flexure,
a 15mm space with two holes was added to the free length to facilitate the clamp mount-
ing. In the aluminum parts, holes were drilled and tapped with M3 thread such that they
would align with the holes in the flexures. The flexures were mounted by clamping them
between the part and a 2mm thick plate of aluminum by means of M3 bolts. A PMMA
baseplate was laser-cut as a mounting for the flexure attachments. Pre-loading was ap-
plied by mounting the flexure attachments to the baseplate with M3 bolts and nuts.

Figure C.9: Render of the PFupCG Mk.3 prototype.

Parameter Value
Body parts Aluminum

Material Flexures Spring steel
Baseplate PMMA
Flexure thickness (outside) 0.05mm

Geometry Flexure free length (outside) 35mm
Flexure thickness (LFO-intermediate) 0.2mm
Flexure thickness (intermediate-HFO) 0.1mm
Flexure free length (inside) 20mm
Flexure width 10mm
Total suspended mass 140g

Dynamics Mass intermediate body 33g
Mass HFO 26g
Eigenfrequency HFO 20Hz

Table C.8: Specifications of the PFupCG Mk.3.

The manufacturing of this prototype took a total of two weeks and the most difficult part
was the milling of the aluminum surfaces at a 10deg angle. Due to the handwork, the
holes on the outside of the body did not align properly with the holes in the designed
flexures, and the prototype could not be assembled. To solve this problem, the whole
prototype was measured, re-modeled in Solidworks and 8 new, unique outside flexures
were manufactured. These flexures fitted perfectly and the prototype could be assem-
bled.

The transducer in this prototype was manufactured on top of one of the 0.1mm thick
flexures between the intermediate body and the HFO. A 110µm thick sheet of PVDF was
attached to the flexure by epoxy. The top electrode of the PVDF sheet was removed over
the width of the flexure in the middle by grinding.
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Result

The result of the PFupCG Mk.3 prototype is shown in Fig. C.10. The prototype exhibits
the desired bi-stable behavior but has a very slight preference for one of the stable points
that is most likely caused due to the small variation in lengths of the outside flexures.

Figure C.10: Resulting prototype of the PFupCG Mk.3
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C.3 Other manufacturing projects

Next to the functional energy harvesting systems, a crank-slider mechanism and two
laser micro-machined prototypes were part of the practical work conducted through-
out this project. For the laser micro-machining projects, a collaboration was formed
with Boran Jia, who was responsible for operating the laser and selecting the proper pa-
rameters. This collaboration resulted in two prototypes: the piezoelectric micro-beam
actuator and a micro-scale demonstrator of the PFupCG.

C.3.1 Experimental setup

The experimental setup consists of a frequency generator, a measurement system and
the PFupCG prototype and is shown in Fig. C.11. The frequency generator is custom-
built and consists of a crank-slider mechanism driven by an electro-motor. The fre-
quency of the driving vibration can be controlled by controlling the voltage fed to the
motor, and the amplitude of the driving vibration is fixed at 25mm by the kinematics
of the crank. The measurement system consists of three laser interferometer position
sensors from (Brand X, type Y). Three positions are measured simultaneously: the slider
position, y , the position of the LFO, x1, and the position of the HFO, x2. The relative po-
sitions of the oscillators can be found by subtracting the position of the slider such that
z1 = x1 − y and z2 = x2 − y give the relative positions of the LFO and HFO, respectively.

Materials and methods

The frequency generator system consists of an electro motor that was obtained from the
meethop, and a crank-slider mechanism. The parts of the crank-slider mechanism were
milled by hand and roller bearings were press-fitted in the mountings. The crank has a
25mm arm and was connected to the axis of the electro motor by a screw.

Result

The resulting experimental setup is shown in Fig. C.11. The frequency of the input vi-
bration can be controlled by controlling the output voltage of the the source.

Figure C.11: Experimental setup consisting of crank-slider mechanism, laser position sensors and the
PFupCG prototype.
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C.3.2 Piezoelectric micro-beam actuator

The piezoelectric micro-beam actuator was one of the concept designs for the piezoelec-
tric transducer of the PFupCG, as shown in Fig. 3.15. Especially for miniaturized planar
generators this design could provide an alternative to the out-of-plane cantilevers. Since
the electrodes are placed on the top and bottom instead of the sides, this concept could
theoretically allow much easier micro-fabrication. Although the design was not selected,
prototyping methods were explored for this manufacturing process.

Materials and methods

Piezoelectric material of the PZT-5H family with a thickness of 100µm was ordered from
PI ceramic and laser micro-machined into a 200µm wide cantilever. Along the central
axis of the cantilever, the electrodes were removed over a 40µm by micro-machining at
a much lower power setting with the laser. Two bonding pads were cut at one side of the
cantilever such that electrical connections could be made to the outside world.

Result

The result of the piezoelectric micro-beam actuator can be seen in Fig. C.12. Unfortu-
nately, no successful tests were conducted with the prototype.

Figure C.12: Resulting prototype of the piezoelectric micro-beam actuator.

C.3.3 Micro-scale demonstrator

The second laser-micro machining project was a micro-scale demonstrator of the PFupCG
concept. This project was conducted to demonstrate what a micro-scale version of the
PFupCG could look like. The prototype is merely intended as a demonstrator and has no
functional bi-stability.
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Materials and methods

The demonstrator was manufactured from 0.2mm thick silicon wafer by laser micro-
machining.

Result

The resulting prototype can be seen in Fig. C.13. In Fig. ?? the demonstrator is placed on
a printed circuit board to demonstrate a how the device could be integrated in a possible
application. The fabrication of a functional micro-scale prototype is one of the main
targets for future research.

Figure C.13: Resulting prototype of the micro-scale PFupCG demonstrator.

Figure C.14: Impression of integration of a micro-scale vibration energy harvester on a PCB.
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Technical drawings of PFupCG

Figure D.1: Overview of PFupCG assembly
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Figure D.2: Technical drawing and measures of the LFO body.

 1
0 

 5
.8

 

 15 

 3.8 
 11.3 

 5
 

 1
5 

 15 

 15 

M3 tap

Figure D.3: Technical drawing and measures of the bricks mounted on the LFO to connect the intermediate
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Figure D.6: Technical drawing and measures of the 1st set of connectors of the LFO flexures.
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Appendix E

PRBM models of buckled flexures

E.1 Pseudo rigid body models of building blocks

The pseudo-rigid-body model (PRBM) is a technique that can be used to predict the
deflection path and the force-deflection relationships of the flexible elements [30]. In
this model, the motion of the flexible elements is modeled by rigid links connected to pin
joints. Moreover, the force-deflection behavior is modeled by rotational springs at the
pin joints. The main application of the PRBM is to facilitate the transition from a rigid
body model (RBM), with lumped masses and stiffnesses, to a compliant model, where
the distributed stiffnesses are governed by the material and geometry. This is depicted
in Fig. E.1, where a cantilever beam is modeled using the three models.

(a) RBM (b) PRBM (c) Compliant

Figure E.1: Different models of a cantilever beam; a) rigid body model with lumped stiffness, b) pseudo-
rigid-body model with lumped rotational stiffness, and c) compliant model with distributed stiffness.

The positions of the pin joints, and the stiffnesses of the rotational springs are the de-
sign parameters of this modeling technique, and have to be selected carefully. The ac-
curacy of the PRBM is greatly determined by the selected design parameters, and the
magnitudes of the angular deflections. In Fig. E.2 these parameters are identified for
a cantilever beam. The location of the pin joint, or characteristic pivot, as a fraction of
the total beam length, L, is called the characteristic radius factor, γ. Furthermore, the
angular deflection of the the beam is called the pseudo-rigid-body angle, Θ, and the ro-
tational stiffness of the torsional spring is Kr . For a more complete description of the
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theory behind the PRBM technique the reader is referred to [29].

Figure E.2: PRBM of a cantilever beam; the accuracy of the model greatly depends on the selection of the
characteristic radius factor, and value of the pseudo-rigid-body angle.

In the topology of the designed mechanism three building blocks can be identified; the
fixed-free flexure, the fixed-guided flexure, and the preloaded fixed-guided flexure. Us-
ing the PRBM, we can construct models for these building blocks to evaluate their deflec-
tion path and the force-deflection behaviors. These building blocks can then be stacked
to reconstruct the desired mechanical behavior of the system, as modeled by the RBM.
In the next sections, the PRBM’s of the building blocks will be constructed and evaluated.

E.1.1 Fixed-free flexure

The first building block is the fixed-free flexure that bends as a result of a vertical force,
F , applied at the tip of the flexure. This model can be used to represent the bending and
force-deflection behavior of flexible structures such as cantilever beams with a tip mass.
In Fig. E.3 the PRBM of the fixed-free flexure is shown.

Figure E.3: PRBM of the fixed-free flexure; the model represents the bending and force-deflection behavior
of flexible structures, and can be used as a building block for more complex models.

The planar model contains two bodies (n = 2) and one rotational joint ( j = 1) that con-
strains two translations. Therefore, using Gruebler’s equation the single DoF of the sys-
tem can be identified.
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3(n −1)−2( j ) = 1 (E.1)

The motion that results from the single DoF is the combined vertical translation, axial
translation, and rotation at the tip of the cantilever. The linear displacement of the tip, x
can be found as a function of the angle and the distance between the tip and the charac-
teristic pivot.

x = l2 sin(Θ) (E.2)

The potential energy in the system, E , can be found from the stiffness of the torsional
spring, Kr , and the deflection of the torsional spring,Θ.

E = 1

2
KrΘ

2 (E.3)

The vertical force, F , at the tip of the flexure can be found by deriving the potential energy
to the vertical coordinate at the tip of the cantilever, x. The equilibrium positions of the
system are found where the first derivative of the energy equation equals zero.

F = ∂E

∂x
= ∂E

∂Θ

∂Θ

∂x
=

Kr arcsin( x
l2

)√
l 2

2 −x2
(E.4)

As one would expect, a single equilibrium position is found at x = 0. The stability of this
equilibrium position can be checked by evaluating the second derivative to the energy
equation at the equilibrium position.

Keq = ∂2E

∂x2

∣∣∣
x=0

= Kr

l 2
2

(E.5)

Since the second derivative of the energy equation is positive at the equilibrium point,
the position is stable. The force-deflection behavior of the system is nonlinear and de-
pendent on the deflection angle. However, if small deflections are assumed the lin-
earized stiffness around x = 0 found in Eq. E.5 can be used. Using this linearizion, the
torsional stiffness of the PRBM can be synthesized from a desired linear stiffness, K .

E.1.2 Validation of the fixed-free flexure PRBM

For these fixed-free flexures a characteristic radius of l2 = γL = 0.85L was determined to
yield accurate results [29]. Using these assumptions, the torsional stiffness of the PRBM
can be found.

Kr ≈ 0.72L2K (E.6)

The PRBM was constructed in Simulink using the Simmechanics toolbox, and the force-
deflection behavior was recorded. A low frequency sinusoidal displacement of d = 1×10−3 sin( 0.1

2π t )
was applied to the structure and the resulting restoring force was measured. The result-
ing force-deflection graph of Fig. E.4 shows that the model is in good correspondence
with the predicted stiffness of K = 1.
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Figure E.4: Force-deflection curve of the PRBM of the fixed-free flexure. The rotational stiffnesses calculated
by Eq. E.6 resulted in a linear stiffness of K = 1.

E.1.3 Fixed-guided flexure

The fixed-guided flexures differ from the fixed-free flexures in the sense that the rotation
at the tip is constrained. Parallel sets of this building blocks are often encountered in
compliant mechanisms to guide a linear motion. The PRBM of the fixed-guided flexure,
shown in Fig. E.5, can essentially be constructed by the series combination of two fixed-
free flexures.

Figure E.5: PRBM of the fixed-guided flexure can be constructed by the series combination of two fixed-free
flexures; If the axial deflection is constrained the model is only valid for infinitesimal small rotations.

The angular constraint enforced by the sliding joints is formulated as Θ2 = −Θ1. As a
result, the planar model contains four bodies (n = 4), two rotational joints that constrain
two translations, and two sliding joints that constrain a translation and a rotation ( j = 4).
Therefore, using Gruebler’s equation a single DoF of the system can be identified.

3(n −1)−2( j ) = 1 (E.7)

The motion that results from the DoF is the vertical translation of the tip of the cantilever
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combined with a translation in the axial direction. The linear displacement of the tip, x
can be found as a function of the angle and the length of the beam.

x = l2 sin(Θ1) (E.8)

The energy equation of the system, E , can be found by summing the energies in the
torsional springs, and is a function of the stiffnesses of the torsional springs, Ki , and
their deflections,Θi .

E = 0.5Kr 1Θ
2
1 +0.5Kr 2(Θ2)2 (E.9)

Again, the energy equation is derived w.r.t. x to find the force, F , and the equilibrium
positions of the system are found where the first derivative of the energy equation equals
zero.

F = ∂E

∂x
= ∂E

∂Θ1

∂Θ1

∂x
= (Kr 1 +Kr 2)

arcsin( x
l2

)√
l 2

2 −x2
(E.10)

The same equilibrium position is found at x = 0, and evaluating the second derivative at
the equilibrium shows that the position is stable.

Keq = ∂2E

∂x2

∣∣∣
x=0

= Kr 1 +Kr 2

l 2
2

(E.11)

E.1.4 Validation of the fixed-guided flexure PRBM

Effectively, the stiffness that is found here is a series combination of two times the lin-
earized stiffness found in E.5. If a symmetric combination of two identical fixed-free
PRBM’s mirrored around the center is assumed, the following simplifications can be
made.

l2 = γL (E.12)

l1 = l3 = (1−γ)
L

2
(E.13)

Kr 1 = Kr 2 = Kr (E.14)

Using the same assumptions from the previous sections, the torsional stiffnesses of the
PRBM can be synthesized from a desired linear stiffness, K .

Kr ≈ 0.36L2K (E.15)

The PRBM was constructed in Simulink using the Simmechanics toolbox, and the force-
deflection behavior was recorded. A low frequency sinusoidal displacement of d = 1×10−3 sin( 0.1

2π t )
was applied to the structure and the resulting restoring force was measured. The rota-
tion of the tip was constrained, but the axial translation was free. The resulting force-
deflection graph of Fig. E.4 shows that the model is in good correspondence with the
predicted stiffness of K = 1.
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Figure E.6: Force-deflection curve of the PRBM of the fixed-guided flexure; The rotation of the tip was con-
strained, but the axial translation was free. The rotational stiffnesses calculated by Eq. E.15 resulted in a
linear stiffness of K = 1.

E.1.5 Preloaded fixed-guided flexure

The preloaded fixed-guided flexure is the building block and is used to introduce a neg-
ative stiffness into the system. In this building block, both the axial translation and the
rotation at the tip are constrained. A preload is introduced in the system by a distance
constraint between the two grounds of D = ηL, where η < 1. The PRBM of the fixed-
guided flexure, shown in Fig. E.5, can essentially be constructed by the series combina-
tion of two fixed-guided flexures in a deflected state.

Figure E.7: PRBM of the fixed-guided flexure can be constructed by the series combination of two fixed-free
flexures; If the axial deflection is constrained the model is only valid for infinitesimal small rotations.

The two constraints introduced by fixing the rotation and axial translation of the tip can
be formulated in the following way.

Θ4 =−(Θ1 +Θ2 +Θ3) (E.16)

Θ3 = arccos
(L− l1 − l2cos(Θ1)− l3cos(Θ1 +Θ2)− l5

l4

)−Θ1 −Θ2 (E.17)
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Therefore, the resulting model contains five bodies (n = 5), four rotational joints that
constrain two translations and a sliding joint that constrains axial translation and rota-
tion at the tip ( j = 5). Using Gruebler’s equation two DoF’s of the system can be found.

3(n −1)−2( j ) = 2 (E.18)

The motion that results from the first DoF is the vertical displacement at the tip, x, and
the motion that results from the second DoF is the rotation of the middle body, T2. These
motions of the system can be expressed in terms of the anglesΘi .

x = l2 sin(Θ1)+ l3 sin(Θ1 +Θ2)+ l4 ∗ sin(Θ1 +Θ2 +Θ3) (E.19)

T2 =Θ1 +Θ2 (E.20)

The energy equation of the system, E , can be found by summing the energies in the
torsional springs, and is a function of the stiffnesses of the torsional springs, Ki , and
their deflections,Θi .

E = 0.5Kr 1Θ
2
1 +0.5Kr 2(Θ2)2 +0.5Kr 3(Θ3)2 +0.5Kr 4(Θ4)2 (E.21)

The following two methods are used to continue further analysis of the 2DoF system.

Trapezoid method

The first method that is used is the trapezoid method that introduces an additional geo-
metric constraint. In this method, the torsional stiffnesses are considered equal. 1. It is
assumed that for a uniform beam of a single material, this is a reasonable assumption.

K1 = K2 = K3 = K4 = Kr (E.22)

The method of finding a solution is graphically described in Fig. E.8 where the geometry
of the system is assumed to be of a trapezoidal shape. This symmetric position is the
state of lowest energy for a vertical displacement of x = 0.

In the figure, the length of the trapezoid base is β and the angle the trapezoid makes
with the horizontal is φ. By geometric relations these variables can be determined.

β=
√

(x2 + (L− l1 − l5)2) (E.23)

φ= arctan(
x

L− l1 − l5
) (E.24)

By introducing this geometrical constraint the system is reduced to a single DoF system
with exactly two solutions for a given x. Those solutions are the "knee-up" and "knee-
down" solutions, of which the "knee-down" will be considered in the further analysis. As
a result, the pseudo rigid body anglesΘi of Fig. E.7 can be found.

1In fact, K1 = K4 and K2 = K3 is satisfactory, but an overall equality is chosen for simplicity
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Figure E.8: Illustration of the trapezoid method used to model the characteristics of the 2PRBM

Θ1 =−arccos(
β− l3

2l2
)+φ

Θ2 = arccos(
β− l3

2l2
)

Θ3 = arccos(
β− l3

2l2
)

Θ4 =−arccos(
β− l3

2l2
)−φ (E.25)

The energy equation can be derived to x to find the force, F , and the equilibrium posi-
tions are found when the force equals zero.

F = ∂E

∂x

Conform to our expectations, an equilibrium position is found at x = 0. Evaluating the
second derivative at the equilibrium shows us that the position is unstable, which corre-
sponds to the negative stiffness behavior of the system.

Keq = ∂2E

∂x2

∣∣∣
x=0

Energy-minimization method

Another method is to use an optimization algorithm (fmincon) that minimizes the total
potential energy in the torsional springs by changing the values forΘi . This optimization
can be physically interpreted as finding a state of minimum energy for a given discretized
displacement X . The following optimization scheme was used.
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min E (Eq. E.21)

s.t. xbase = 0

ybase = 0

xj4 −X = 0

xtip −X = 0

ytip −L = 0

The initial values Θ0
i used in this method were the results from the trapezoid method.

The force-displacement characteristic at the tip can be found by numerically deriving
the found optimum energy to the discretized displacement X .

F = ∂E

∂X
≈ dE

d X
(E.26)

Improved trapezoid method

It can be seen that in the trapezoid method the torsional springs in the joints 1 and 4
are loaded equally in the horizontal position, x = 0. As a result, these joints exercise an
equal moment on the central body and the trapezoid geometry is the state of minimum
potential energy. However, if the tip is displaced from the horizontal position these joints
are no longer loaded equally. When the tip moves upwards, the moment in the torsional
spring of joint 4 increases while the moment in the torsional spring of joint 1 decreases.
This results in a moment imbalance that must be compensated by the torsional springs
in the joints of the central body. Therefore, the state of minimum potential energy is
achieved when the central body rotates slightly more than φ, depicted as the second
DoF in Fig. E.7. As a result, the trapezoid methods underestimates the potential energy
differences, and thus predicts a lower magnitude of the negative stiffness.

Θ∗
1 =−.11(−2.864η3 +7.722η2 −7.185η+2.398)

x

L0

Θ∗
2 = 1.11(−2.864η3 +7.722η2 −7.185η+2.398)

x

L0

Θ∗
3 =−1.11(−2.864η3 +7.722η2 −7.185η+2.398)

x

L0

Θ∗
4 =−(Θ∗

1 +Θ∗
2 +Θ∗

3 ) (E.27)

Motion in the second DoF can be added to compensate for this error, as shown in Fig
E.9. Using the results from the energy optimization method the error in the rotation
of the central body was studied and the compensation factors of E.27 were iteratively
determined. Most likely, it would be possible to find an exact solution for the second
DoF compensation of the system. However, this falls outside the scope of this thesis,
and is therefore included as a recommendation for future research.
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Figure E.9: Improved trapezoid method where a compensation is added conform to the second DoF of the
system.

E.1.6 Validation of the Preloaded fixed-guided flexure

Using γ= 0.85 and η= .9, the following torsional stiffnesses of the PRBM can be synthe-
sized from a desired linear stiffness, K .

Kr ≈−0.33L2K (E.28)

The found force-deflection curves for both methods, as well as the numerical simula-
tion, are shown in Fig. E.10. It can be seen that all methods resulted in matching force-
deflection behaviors for the preloaded fixed-guided flexure.

Figure E.10: Force-deflection curve of the PRBM of the preloaded fixed-guided flexure; The rotation of the
tip and the axial translations were constrained.
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E.2 Compliant models of the building blocks

E.2.1 Fixed-free flexure

The deflection of a beam can be calculated using the beam deflection equation.

F

x
= 3E I

L3 (E.29)

By setting the right side of the equation equal to the right side of Eq. E.5, the rota-
tional stiffness of the pseudo-rigid-body model can be written in terms of the rigidity of
the compliant element. The following equation is obtained.

Kr = 3E Iγ2

L
(E.30)

Now, this result can be applied in the pseudo-rigid-body formula to find the stiffness
of the overall system. For the fixed-free flexure the result is merely a reproduction of
linear beam theory, but is derived here for completeness. The regular linear beam theory
formula is obtained when Eq. E.30 is substituted in E.5.

K = 3E Iγ2

Ll 2
2

= 3E I

L3 (E.31)

E.2.2 Fixed-guided flexure

The same procedure can be used to synthesize the rigidity of a fixed-guided beam. Sub-
stituting Eq. E.30 in the obtained PRBM of Eq. E.11 finds the following stiffness for
the fixed-guided compliant beam. This result is in accordance with regular theory for
a fixed-guided beam.

K =
3E Iγ2

L/2 + 3E Iγ2

L/2

(γL2)
= 12E I

L3 (E.32)

E.2.3 Preloaded fixed-guided flexure

For the preloaded fixed-guided flexure, the same procedure is adopted. The flexure is
divided in four sections with lengths L0

4 . Then, Eq. E.30 is substituted in the PRBM. This
finds the following stiffness for the fixed-guided compliant beam.

K = 96E I y2

L3
0(2η+γ−1)2

−
96E Iγarccos( 2η+2γ−2

2γ )

L3
0

√
1− (2η+2γ−2)2

4γ2

(E.33)

E.3 Simulink implementation

It was attempted to implement the constructed equations in a Simulink model, but no
useable results were obtained.
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Figure E.11: Overview of attempted Simulink network of full system



Appendix F

Transducer models of
piezoelectric beams

F.1 Mechanical Equation of Motion and Modal Analysis of
Cantilever Beam

In this section an analytical model for the beam depicted in Fig. F.1 is given. In the figure
w(x, t ) is the displacement of the neutral axis of point x at time t , Mt is the value of
the tip mass, and It is the moment of inertia of the tip mass. Following the analysis of
[8], the linear vibrations are considered and the expressions for the undamped natural
frequencies and mode shapes are obtained.

Figure F.1: Cantilevered uniform beam with a tip mass

F.1.1 Boundary-Value Problem

Using the Euler-Bernoulli assumptions, the governing equation of motion for the un-
damped free vibrations of a uniform beam can be obtained [35].
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E I
∂4w(x, t )

∂x4 +m
∂2w(x, t )

∂t 2 = 0 (F.1)

Where E I is the bending stiffness and m is the mass per unit length of the beam. The
boundary conditions (i.e. clamped in one end and free in the other end) for the beam
depicted in Fig. F.1 can be expressed in the following way.

w(0, t ) = 0
∂w(x, t )

∂x

∣∣∣
x=0

= 0[
E I

∂2w(x, t )

∂x2 + It
∂3w(x, t )

∂t 2∂x

]
x=L

= 0
[

E I
∂3w(x, t )

∂x3 −Mt
∂2w(x, t )

∂t 2

]
x=L

= 0 (F.2)

F.1.2 Modal Analysis using Assumed Mode Formulation

To find a solution for w(x, t ) in Eq. F.1 the method of separation of variables can be
used. In this method, w(x, t ) is separated in function φ(x) which is only a function of
the spacial coordinate and function η(t ) which is only a function of time. Furthermore,
the solution can be built from an infinite sum of vibration modes where the subscript r
denotes the number of the vibration mode.

w(x, t ) =
∞∑

r=1
φr (x)ηr (t ) (F.3)

For the spacial function φr (x) a displacement field can be assumed that is kinemati-
cally admissible given the boundary conditions of Eq. F.2.

F.1.3 Single Assumed Mode Solution

In this analysis the solution of Eq. F.3 is found using a single vibration mode. Therefore,
this solution will only have value at or close to the resonance frequency of the considered
mode. In this case, the first eigenmode of the system will be considered and the following
function is assumed to represent the displacement field.

φ(x) = (
x

L
)2 (F.4)

The maximum strain energy, V , and kinetic energy, T , for the cantilevered beam with
the tip mass are given by the following functions.

V = 1

2

∫ L

0
E I

[∂2φ(x)

∂x2

]2
d x (F.5)

T = 1

2

∫ L

0
ρW Hφ2(x)d x + 1

2
Mφ2(L) (F.6)

Now, the Rayleigh coefficient can be used to estimate the first eigenfrequency of the
system based on the assumed mode shape.
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Figure F.2: Frequency response of Z

ωn =
√

V

T
≈ 14.7rads−1 ≈ 2.34Hz (F.7)

The temporal part of the solution of the free vibration problem is given by η(t ). When
excited by a harmonic input, the following equation can be used to represent η(t ).

η(t ) = Z0 cos(Ωt ) (F.8)

w(x, t ) = (
x

L
)2Z0 cos(Ωt ) (F.9)

The frequency response can now be found from the transfer function. The lumped-
parameter transfer function of the transmissibility of the second order system is given
by the following expression and its frequency response is plotted in Fig. F.2.

Z0

Y0
=

(
Ω
ωn

)2

√(
1− ( Ωωn

)2
)2 +

(
2ζ Ωωn

)2
(F.10)

F.1.4 Multi Assumed Mode Solution

The solution of Eq. F.3 can also be found using multiple vibration modes. Such a so-
lution will have value over a wider frequency range than the single mode solution. An
approach to finding such a solution can be the use of the following function to represent
the displacement field. In this function r represents the mode number.

φr (x) = 1−cos
[ (2r −1)πx

2L

]
(F.11)
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F.2 Electrical coupling modeling

The electromechanical coupling of the piezoelectric material can be described by the
two constitutive equations for linear piezoelectric material. The equations Eq. F.12 and
Eq. F.13 are known as the piezoelectric actuator and sensor equations, respectively.

S = SE T +D t E (F.12)

D = dt T +εT E (F.13)

Where S is mechanical strain, T applied stress, E electric field, D electric displace-
ment, SE the matrix of elasticity under conditions of constant electric field, d piezoelec-
tric coefficient matrix, εT permittivity matrix at constant mechanical strain.

In order to understand the coupling that occurs in a cantilever with a piezoelectric
element we examine the boundary conditions of the sensor equation. These boundary
conditions are the open circuit condition, where D = 0, and the short circuit condition,
where E = 0.

F.2.1 Open circuit condition

In the open circuit condition the electrodes are connected to the piezoelectric material at
one end, and free on the other end as shown in Fig. F.3. The electric displacement equals
zero, as there is no way for the charges to flow from one side to the other. Therefore, an
electric field is induced across the piezoelectric material.

Figure F.3: Schematic representation of open circuit boundary condition. In this case, the electric displace-
ment equals zero and maximum voltage is induced across the terminals.

The magnitude of the electric field can be found from Eq. F.13 for D = 0. For the
cantilever geometry, it is assumed that there is only stress in the 11-direction, which
corresponds to the length of the cantilever. Therefore, the stress matrix T is reduced to
σ11 and the dt matrix is reduced to d31.

Eoc =−d31σ11

εT
(F.14)

This equation can be rewritten in terms of voltage by substituting Voc = Eoc t , where
t is the thickness of the piezoelectric element. The resulting equations Eq. F.15 and Eq.
F.16 can be used to calculate the open circuit voltage of a cantilever with a piezoelectric
element with a given stress or strain, respectively.

|Voc | = tσ11
d31

εT
= tσ11g31 (F.15)



F.2. ELECTRICAL COUPLING MODELING

F

121

|Voc | = tS11
d31

εT SE
11

= tS11h31 (F.16)

F.2.2 Short circuit condition

The other boundary condition is the short circuit condition. Here, the electrodes are
connected to the piezoelectric material at one end, and to each other on the other end,
as illustrated in Fig. F.4. When we assume the wire has zero resistance, charges can flow
freely from one end to the other. As a result, the electric field across the piezoelectric
material must be zero.

Figure F.4: Schematic representation of short circuit boundary condition. In this case, the electric field
equals zero and the current through the circuit is maximum.

The piezoelectric sensor equation can now be used for E = 0 to find the electric dis-
placement. Similar to the open circuit case, it is assumed that there is only stress in the
11-direction which reduces the stress matrix T is to σ11 and the dt matrix to d31.

Dsc = d31σ11 (F.17)

The electric displacement can be written in terms of charge per unit area by mak-
ing use of Gauss’s law. The area can be rewritten in terms of the thickness, t , and the
capacitance, Cp , of the piezoelectric element.

Dsc = q

A
= qεT

Cp t
(F.18)

Substitution of Eq. F.18 in Eq. F.17 results in a form where the charge that flows
between the electrodes can be found for a given stress. By differentiation with respect
to time the short circuit current can be found. The resulting equations Eq. F.19 and Eq.
F.20 can be used to calculate the short circuit current of a cantilever with a piezoelectric
element with a given stress or strain, respectively.

|Isc | = f tCpσ11
d31

εT
= f tCpσ11g31 (F.19)

|Isc | = f tCp S11
d31

εT SE
11

= f tCp S11h31 (F.20)
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F.3 Constitutive equations of piezoelectric cantilevered beam

The following declaration of variables will be used in the constitutive equations of the
piezoelectric cantilevered beam.

Domain Variable Symbol Unit
Mechanical Tip force f N

Tip displacement δ m
Velocity u ms−1

Strain in substrate layer (11-direction) Ss mm−1

Stress in substrate layer (11-direction) Ts Pa
Strain in piezoelectric layer (11-direction) Sp mm−1

Stress in piezoelectric layer (11-direction) Tp Pa
Electrical Electric displacement D Cm−2

Current I A
Voltage V V
Electric field ~E Vm−1

Geometrical properties Length of the beam L m
Width of the beam b m
Thickness of the substrate layer h m
Thickness of the piezoelectric layer t m
Distance to neutral line y m

Material properties Elastic modulus of substrate layer Ys Pa
Elastic modulus of piezoelectric layer Yp Pa
Piezoelectric strain coefficient in 31-mode d31 NC−1

Permittivity of piezoelectric material ε Fm−1

Table F.1: Overview of variables used in the constitutive equations of the piezoelectric cantilevered beam.

F.3.1 Mechanical constitutive equations

In the previous section, the function of Eq. F.4 was assumed as the first eigenmode of
the system. Using this function, the strain in the substrate layer can be found. The can-
tilevered beam is assumed to be loaded in pure bending, and the piezoelectric layer is
assumed not to contribute to the stiffness of the beam. Therefore the following expres-
sion can be found for the strain in the bending beam.

σ= y
∂2φ(x)

∂x2 Y (F.21)

This can be averaged over the length of the beam and the thickness direction of the
piezoelectric element.

σa = 2

LW

∫ L

0

∫ W
2

0
σd yd x (F.22)
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F.3.2 Electro mechanical coupling modeling

The electrical and mechanical domains are weakly coupled. therefore, we may use a
coupling that does not include actuation feedback, but only sensing. The electric dis-
placement can be estimated by the following formula.

D = d31σa (F.23)

The electric displacement can be multiplied by the area of the electrode to find the
charge, Q.

Q = d31hLσaη (F.24)

Since the current is equal of the amount of charge per time, the following formula can
be found for the current that the piezoelectric element supplies to the electrical circuitry.

I = d31hLσa
∂η

∂t
(F.25)

F.3.3 Full beam model

Summation of all the contributions of a bending moment leads to the following system
of equations.

E I
∂2φ(x)

∂x2 = F (L−x)− ∂2φ(x)

∂x2 (
h

2
)2Yp A−d31E A (F.26)

D = d31
∂2φ(x)

∂x2 Yp
h

2
+εE (F.27)

F.4 Simulink implementation

It was attempted to implement the constructed equations in a Simulink model, but no
useable results were obtained.

Figure F.5: Overview of attempted Simulink implementation with the cantilever model in the center.





Appendix G

Literature search data

G.1 Multi-DoF vibration energy harvesters

Source DoF TD Area / Volume Frequency Acceleration Power output
Paracha (2006) [36] 2 S 1cm3 300Hz 1.8µW
Zhu (2009) [37] 2 S 4mm2 38kHz 0.1nW
Paracha (2009) [38] 2 S 1cm2 246Hz 0.25g 2.6µW
Bartsch (2009) [39] 2 S 16cm2 1kHz 100pW
Bartsch (2010) [40] 2 S 16cm2 370Hz
Yang (2010) [41] 2 S 39.4mm2 110Hz 2.5g 0.35µW
Zhu (2011) [42] 2 S 4mm2 38kHz 21.4nW
Liu (2012) [43] 3 M 80mm2 1.5kHz 1g 16nW
Kim (2012) [44] 2 S 81mm2 191Hz 0.12g 35.5nW
Fowler (2012) [45] 3 S 15mm2 36kHz 21.4nW
Cueff (2013) [46] 2 M 15Hz 0.5g 100µWcm−3

Janicek (2013) [47] 3 S 106Hz
Crovetto (2013) [48] 2 S 1cm2 179Hz 0.03g 32.5nW
Fowler (2013) [49] 3 S 16mm2 25kHz 24.7nW
Fowler (2013) [50] 2 S 1mm2 39kHz 27.6nW
Iannacci (2013) [51] 2 S 2.25mm2 2kHz 0.5g 1pW
Wei (2013) [52] 2 S 2.25mm2 30Hz 17.7g 6.5nW
Wu (2014) [53] 2 P 259.2cm3 37Hz 0.2g 2.5mW
Yang (2014) [54] 2 M 4.2Hz 0.6g
Han (2014) [55] 3 M 1cm3 0.5g 0.75µW
Tao(2014) [56] 3 S 66Hz 0.05g 4.8nW

Table G.1: Properties of MDoF vibration energy harvesters found in literature. P = piezoelectric, M = elec-
tromagnetic, S = electrostatic transduction mechanism.
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G.2 Generators with human motion vibration sources

Source Year Transfer Transduction Mechanical Input Generator location Volume cm3 Power output W
Alghishi [21] 2015 IFI Piezo Walking 2km/h Ankle 90 5.38×10−6

Berdy [57] 2015 DNS Coil Walking 3mp/h (6Hz , 0.057g) 2.8 7.14×10−5

Bowers [58] 2009 DS Coil Walking 4km/h 4.0 2.60×10−4

Choi [59] 2011 DNS Electrostatic Walking 8 km/h 1.0 3.67×10−5

Geisler [60] 2016 DNS Coil Walking 6.4 km/h Upperarm 9.0 3.94×10−3

Halim [61] 2015 IFI Coil Hand shaking (5.2 Hz, ∼2g) Hand 6.5 2.13×10−3

Halim [62] 2017 IFB Piezo Hand shaking (4.96 Hz, ∼2g) Hand 23 1.75×10−4

Halim [63] 2014 IFI Coil Hand shaking (4.6 Hz, ∼2g) Hand 7.2 1.10×10−4

Halim [22] 2016 IFI Coil Slow running (1.2 Hz) Shoesole 3.9 7.80×10−5

Haroun [64] 2016 DNS Coil Jogging 150m/min Pocket 0.74 2.21×10−4

Haroun [64] 2016 DNS Coil Fast walk 108m/min Pocket 0.74 1.89×10−4

Haroun [64] 2016 DNS Coil Walking 75m/min Pocket 0.74 1.60×10−4

Lu [23] 2015 IFI Electrostatic Shaker (4.7Hz, 2g ) 0.046 1.43×10−7

Patel [65] 2013 DNS Coil 86 9.00×10−4

Pillatsch [66] 2012 IFP Piezo Shaker (2Hz, .27g) 125 2.10×10−3

Pillatsch [67] 2014 IFP Piezo Shaker (2Hz,2g) 1.85 4.30×10−5

Pillatsch [68] 2013 IFP Piezo Activity Upperarm 1.85 7.00×10−6

Rao [69] 2013 DS Coil Walking 2.5mph Ankle 100 3.00×10−4

Rao [69] 2013 DS Coil Jogging 4mph Wrist 100 2.60×10−4

Rao [70] 2014 DS Coil Jogging 4mph Ankle 70 2.34×10−4

Renaud [71] 2009 IFI Piezo Hand shaking (10Hz, 10cm) Hand 25 6.00×10−4

Romero [72] 2009 DS Coil Walking (1.7Hz,2.5g) Ankle 1.5 3.90×10−6

Saha [73] 2008 DNS Coil Walking (2Hz,0.5 g) Rucksack 12.7 3.00×10−4

Sauladin [74] 2017 DNS Coil Hand shaking (6Hz, .5 g) hand 30 2.25×10−3

Wei [75] 2013 IFP Piezo walking 5kmh 86 5.10×10−5

Xie [76] 2016 DNS Coil Walk 2 m/s Torso 137 1.00×10−2

Yilli [77] 2015 DNS Coil walk 6kmh ankle 144 3.30×10−3

Yilli [78] 2014 DNS Coil Walking 4km/h Shoesole 33.3 1.00×10−3

Yilli [79] 2015 DNS Coil Walk 6kmh shoe 21 8.40×10−4

Zhang [80] 2014 DNS Coil walk 3.58m/s (3.3Hz) rucksack 120 3.20×10−2

Table G.2: Literature experimental results; DNS = Damping No Storage, DS = Damping Storage, IFI = Im-
pulse Frequency up-conversion Impact, IFP = Impulse Frequency up-conversion Plucking, IFB = Impulse
Frequency up-conversion Base-impact.

Two additional literature searches were conducted in this project and their methods
and results are presented in this appendix. The topics of the literature searches were
Multi DoF vibration energy harvesters and generators with human motion vibration
sources. Both literature searches were conducted in the databases of Google scholar,
WebofScience and Researchgate.
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