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Preface

Before you lies the work which has emerged at the end of a long and twisting path. It is the end of my career
as a student, but it also ushers in the rest of my life as an engineer. It was from a quite early age I realized
I wanted to be a engineer, perhaps slightly influenced by my grandpa who was a very capable bicycle me-
chanic, and my dad who is an entrepreneur in metal construction. Always I wanted to 'look under the hood’
so to say, see how something works or what drives a certain movement. This fascination has led me to choose
most of the scientific programs in high school, and afterwards a higher education in Mechanical Engineering.
After graduating on a very interesting project in the high-tech industry my supervisor encouraged me to con-
tinue studying on the next level, which led me to Delft and eventually towards this project in the Mechatronic
system design group within the High-tech Engineering master track at TU Delft. My interests with under-
standing moving components and mechanisms perfectly line up with this research involving vibrations and
resonating mechanisms. It was very fascinating to be able to work in this group with a group of people all
working on similar projects and all working towards the same goal. I am very grateful I got the opportunity
to follow my passion which led me to where I am today. Working in the Energy harvesting group has been a
delight, although it was slightly derailed by a global pandemic in the middle of it. I wish the reader a lot of
reading pleasure and hopefully he or she learns a thing or two.

M.W. Wouters
Delft, January 2021
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Introduction

This chapter introduces the concept of energy harvesting, and later on vibration energy harvesting to the
reader. The background, state-of-the-art technologies and principles are touched upon to provide a basic
understanding of the topic such that the following research becomes more tangible and hopefully shows
its importance to the general topic. It starts with general energy harvesting, followed by vibration energy
harvesting which will be further specified in multi-modal vibration energy harvesting and offers a problem
statement and research question. The thesis outline is shown in the end of this chapter.
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Renewable energy has been a hot topic for some time now [34], as countries around the world are trying to
decrease their dependence on fossil fuels. For large scale energy production the front runners in this cate-
gory are solar power, wind energy and hydro power [2]. These installations all require big investments and
complex infrastructure. For applications with a low power demand, locally, without a complex and expensive
infrastructure behind it, small scale energy harvesting is a good alternative. Examples of this are a bicycle
dynamo to power the lights on a bike, or a handheld flashlight with a crank which can be wound in order to
charge the equipped battery. Another example is a mechanical, automatic wristwatch. The main difference
between the wristwatch and the dynamo or flashlight is that the energy is not converted to electricity, but it is
used to wind a coil which is used to drive the mechanism within the watch. The main element these examples
have in common is that they are all small, mobile and require relatively low power.

(a) Solar panel ) (c) Automatic movement of wristwatch
(b) Hydro power installation

Figure 1.1: Examples of energy harvester systems in macro scale, and smaller scale [23],[1],[3].

1.1. Vibration energy harvesting

Vibration energy harvesting is the act of scavenging energy present in ambient vibrations, and transducing
that energy into other forms, electricity being the most common. These ambient vibrations can be observed
in lots of different environments. Industrial processes like machinery operating at a certain frequency pro-
duce small amplitude, high frequency vibrations. Vibrations in the transport sector, like trains or trucks usu-
ally have a larger amplitude, but lower frequency vibrations. Then there’s the human body, whose vibrations
can also be used for energy harvesting. This can be done in the form of human motion, so for instance the
walking motion where the impact of each footstep can be used. Or inside the human body, where heart con-
tractions can be used to power an energy harvester. These stated examples all have wildly different values
for amplitude, frequency and consistency. Because the source vibrations are so different from one another,
the vibration energy harvesters are also different from each other. Generally speaking, VEHs are not plug and
play. They are most efficient at certain very specific conditions, and are very sensitive to changing conditions
which usually means their efficiency lowers dramatically when their operation conditions are not met. This
means that for every application the source vibrations must be thoroughly analyzed and a VEH design must
be chosen which is best suited for that specific application.

A VEH is a device that when placed in a environment where ambient vibrations are present, it will scavenge
some of the energy present in these vibrations and transfer it to kinetic energy within the device itself. VEHs
generally consist of three parts and can be approximated by a mass-spring-damper model. These three parts
are: Proof mass, Suspension and Transducer.

The proof mass is a mass which captures the kinetic energy of the vibrations. It is the mass in the mass-
spring-damper model, so as it starts to move due to the ambient vibrations it builds up kinetic energy which
will later be converted into electrical energy. The suspension provides the restoring force for the proof mass.
VEHs are of a limited size, so the kinetic energy, which only requires motion is transformed into a vibration by
means of a suspension which acts as a spring in the mass-spring-damper model. In practice this can either
be a conventional coil spring, or flexures which scale down better than coil springs or a magnetic restoring
force can also be used.
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(b) Rendition of cantilever, with simple cantilever connected
through a base and with a proof mass attached to the end of the can-
tilever. Here the expansion represents a piezo-electric transducer.
(a) Schematic overview of mass-spring-

damper model.

Figure 1.2

Transducer principles

The third part of the VEH is the transducer, which is the damper in the mass-spring-damper model. This part
converts the energy from the kinetic to the electrical domain and also dampens the motion of the VEH. The
measure of how well the transducer converts kinetic to electrical energy is called the coupling factor. The
higher the coupling factor the more efficient the transduction process is. In a conventional hydraulic damper
in a suspension system the dampened energy is converted to heat which is then lost to the surroundings, in a
transducer in a VEH the dampened energy is what gets taken out of the system in the form of electric energy.
This can be achieved in a number of ways, which all have their use cases in different systems. The three most
used principles are: Piezo-electric, electromagnetic and electrostatic.

Piezoelectricity is a coupling between the electrical and mechanical domain which can naturally be found
in certain crystals. A mechanical stress in the crystallic material is converted to an electrical charge. This
can also be reversed, so if a electric charge is sent through the material a mechanical strain is induced in the
material. Materials which exhibit the same phenomenon have also been developed which are more suited
for use in practical applications. There are multiple ways piezoelectric transducers can be used in practice.
in a micro-electromechanical system (MEMS) a piezoelectric layer can be incorporated in the material itself
with electrodes also embedded into the material. On the larger scale a piezoelectric element is usually added
after the manufacturing of the mechanism itself.

The electromagnetic principle is a coupling between, as the name says, the electric and magnetic domain. It
is governed by Faraday’s law of induction, which tells us that a change in magnetic field can produce a voltage
in a conductive element. In practice this is most commonly found in electro motors. A permanent magnet is
rotated in a conductor made of copper wires which produce a voltage in the wires. The same principle can
also be used in a linear manner where the permanent magnet makes a linear motion instead of a rotating
one. In energy harvesting it can be used in the linear way, but it doesn't scale down very well which means it
is mostly used in larger applications.

In practice, and especially in small scale applications piezoelectric transducer seems to be given the greatest
attention and is considered the easiest to work with and best performing transducer principle. [CITEER ER-
TURK]. Especially the fact that it is relatively easy to implement in a MEMS manufacturing process makes it
viable to use in applications.
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Applications

Vibration energy harvesters can be used in any situation where ambient vibrations are present. Examples of
this can be an industrial process, automotive industry or medical devices. The advantage of using vibration
energy harvesting in these cases is that the sensors can be entirely autonomous. No more battery main-
tenance has to be performed, which is an expensive enterprise in some cases. Or in some cases it can be
dangerous, for example in pacemakers. In the state of the art pacemakers the battery has to be replaced every
10 years or so[20], this means that every 7 years an invasive heart surgery must take place which can lead
to complications and is very expensive. Replacing the battery by a VEH eliminates the need for this surgery,
leading to reduced health care costs and a decreases chance on complications on the use of pacemakers.

Research into vibration energy harvesting has been going on for some time . During the early years this has
not gained much traction into real world applications, in part due to limited application possibilities and also
poor performance. In recent years attention has grown for sensor networks, for use in maintenance, surveil-
lance and sensing in industrial processes. These applications have in common that they use low power, and
have alow duty cycle. Due to this increased attention and demand from industry, more research has gone into
improving real world performance [9],[6],[22]. These research topics include amongst others; Frequency up-
converter principle, non-linear generator research and multi-modal generator research. All these principles
have one goal in common: Increasing power output over a wider range of frequencies.

1.2. Multi-modal vibration energy harvesting

For practical applications of vibration energy harvesting, multi-modal energy harvesters have a lot of poten-
tial because of their wideband power output. This means that the harvester is capable of generating signifi-
cant power in a wider band of frequencies. A multi-modal generator is a VEH which has multiple distinct res-
onance modes. This is most commonly achieved by combining certain elements of the mass-spring-damper
model in a way such that a system of VEH is created. Whereas a single mass-spring damper system can be
described by the following equation:

M3(t) +cx(t) + kx(t) = f(1) (1.1)

For a multi-modal mass-spring-damper system this needs to be expanded to:

[Mu My,

X(t) +
Mp, Mzz] ©

Cl1 C12
C: C22

. kin k2 _
x(t) + [kZI kzz] x(t) = f(t) (1.2)

Where K is the stiffness (matrix), M is the mass (matrix), w the eigenfrequency,x is the position (vector) and
f (1) is the forcing function of the system. This general equation can represent a wide range of different multi-
modal systems depending on the matrix elements. Coupling, eigenfrequency, mode shapes and damping all
depend on these system characteristics.

In figure 1.3a to 1.3c Different layouts of multi-modal VEHs are shown. Shown here are all two degree of
freedom, coupled systems. More than two are degree of freedom systems also possible. As stated before, the
transducers in a VEH are represented by the dampers, so in these three figures different layouts of transducers
are shown. These different layouts make for different dynamic behaviour in the system. Eigenfrequency says
something about steady-state cases. It says at what frequency the resonance modes are located, and the
amplitude of the resonances is dependant on the damping ratio of the mechanism.

The VEH must be designed in a way such that power output is maximized. This means that the ambient
vibrations must be analysed, and the resonance modes of the generator must match these ambient vibra-
tions. However, even if the devices resonance modes are matched to the most prominent ambient vibration
frequencies the output power can still be lower than can be expected if the device is slow to react to the con-
stantly changing behaviour of the ambient vibrations. So the amount of times the source signal switches
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Figure 1.3: Three different iterations of a coupled system of multi-modal vibration energy harvesters
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between prominent frequencies, or if frequencies are present at the same time can all influence the VEH
power output, mostly in a negative way.

In this paper we will look into the dynamic behaviour of multi-modal vibration energy harvesters and how
they deal with changing ambient vibrations, or more specifically the transients. In previous work a multi-
modal vibration source is usually described by one of the two following equations: (source??)

A mechanism with finite, non-zero mass and stiffness always has a certain transfer function between input
and output vibrations. If the mechanism has multiple modes and if these modes are coupled, there can be a
substantial difference between the different cases.

The reason why looking at the dynamic behaviour of these mechanisms excited by transient vibrations is
interesting is because it has a big influence on power output in real-world applications. It is also assumed
there is a substantial difference in transient behaviour between VEHs with different layouts as shown in figure
1.3ato 1.3c.

This paper mostly focuses on finding out what entails good transient behaviour in VEHs, and what elements
in a multi-modal VEH makes for good transient behaviour. This research can then be used to give recommen-
dations such that in the future more efficient multi-modal VEHs can be designed for real world applications.

1.3. Problem description and Research objective

In theory multi-modal VEHs have a clear benefit in that they can give a substantial power output over mul-
tiple frequencies, which would increase the power output in real world applications with multiple dominant
frequencies. However there is a discrepancy between testing a VEH in a lab under controlled circumstances,
and applying a VEH in an environment with real-world vibrations. The presumption is that this discrepancy
can be partly explained by the fact that real-world vibrations with multiple dominant frequencies constantly
change between these frequencies and VEHs are not putting out maximum power instantly when they are
excited by a resonance frequency. It is instead assumed that a vibrating mechanism always takes a few cycles
to reach its full amplitude, which in the case of vibration energy harvesters means that transient phases in
ambient vibrations cause a temporary drop in power output.The research objective is stated as follows:

In what manner do different types of multi-modal vibration energy harvesters react to transient behaviour in
vibrations and to what extent does it reduce efficiency.

1.4. Thesis outline

The main focus point of this thesis is based on understanding transients in vibration energy harvesters. Sev-
eral steps are addressed and shown in this paper. The second chapter is the literature study conducted at
the start of this project. It focuses on multi-modal VEH and introduces a new performance metric. Also a
classification into existing multi-modal VEH is shown there.

The next chapter is the main work of the thesis. In the same way as the literature paper, the main work is also
shown in a short and concise manner. The thesis paper features a separate introduction to the work followed
up by methods, results and a discussion.

A separate chapter features the results, conclusions and recommendations of the project in general. These
results and conclusions are not pertaining to the work done, but offer more of a personal view and learning
goals of the author.

Lastly the appendices are shown. To keep the thesis paper clear and concise, some work that was done was
kept out of the thesis paper itself. These are added as an appendix. Appendix A features the model synthesis of
the two models used in this research. Appendix B states the specifications of the equipment used. Appendix
C shows a selection of results of the experiments conducted in this research to offer the reader an insight of
how the power output results came about. Lastly Appendix D shows a sidetrack into Simulink modeling.



A new figure of merit to quantify
performance in multi-modal vibration
energy harvesters

The literature paper made in the literature study phase of this project is presented here. The paper starts with
a problem description and essentially two different parts are presented. First a classification into different
multi-modal vibration energy harvesters is shown, and then a new figure of merit to quantify multi-modal
vibration energy harvester performance is shown.
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A new figure of merit to quantify performance in
multi-modal vibration energy harvesters

M.W. Wouters, TW.A. Blad and J.W. Spronck

Abstract

Despite the fact that vibration energy harvesting has been an ongoing research topic for over two decades,
the application of them in practice remains limited. One of the reasons for this is the big discrepancy be-
tween the improvement of performance of generators on paper, and the stagnating performance increases
when applying generators to the real world. This is due to the fact that real-world vibration sources are
rarely constant, instead they are changing in time due to a dynamic load case for example. For this rea-
son more research has been done in wideband vibration energy harvesters (VEH), this paper specifically
focusses on multi-modal VEHs. Multi-modal VEHs have multiple resonance peaks close to each other,
making one larger bandwidth with significant power output. To characterize the performance of a single-
mode VEH usually peak output power is reported, linked with parameters such as volume and mass of the
generator. For multi-modal VEHs this is not sufficient, since it does not tell anything about bandwidth and
shape of the frequency function. In this paper a comprehensive overview of multi-modal VEHs is shown
to give the reader a clear idea of the work done in this field and how they all relate to each other. Fur-
thermore, a figure of merit characterizing performance for multi-modal VEH, FoM),), is introduced and
tested against some state-of-the-art multi-modal VEHs found in literature. It is found that FoM))s can
be an excellent metric to assess performance of multi-modal VEHs and can be used as a guide to evaluate
multi-modal VEHs in the future.

2.1. Introduction

The fast development and application of artificial intelligence in predictive maintenance, weather forecast
and process optimization results in an increased demand in mobile sensors all around the globe. This also
means that free mobility and wireless technology is of great importance because of its flexibility to be used in
varying environments. With fast development in microelectronics and MEMS technology these sensors have
a low energy demand and can be powered with very low power levels [21]. Vibration energy harvesters can
fulfill this energy demand and thus also provide flexible wireless mobility.

Traditionally, applied VEHs consist of one degree of freedom (DOF) proof masses oscillating at the resonance
frequency. The restoring force in these mechanisms can originate from a mechanical source, like a leaf spring,
or a electrostatic source. The resonance frequency of the cantilever is the one which is most dominantly
present in the application for which they are designed. However, in most practical applications there is a
wide band of frequencies present and a cantilever operating at resonance frequency is quite inefficient when
excited at a frequency different from its resonance frequency. This is mostly due to the high quality factor
they are designed with to maximize output power. So the quality factor is a compromise between bandwidth
and maximum power output. Multi-modal VEHs offer a wider bandwidth, meaning they offer power output
at a broader range of input frequencies.

In recent years, a lot of research is done in wideband VEHs of varying types. Xiao [37] and Upadrashta [33]
have presented excellent wideband VEHs in the form of an array of cantilevers. Toyabur,[31] and Bai, [4] have
done work in multi-modal VEHs where multiple modes in a single body are exerted. All these papers present
a frequency-power output graph; however, report on the performance in a different way. All these papers
report on their performance in a different way, but all report a frequency-power output figure.

A challenge of these multi-modal generators is how to measure their efficiency and performance. Standard
figures of merit (FoMs) do not suffice since they are usually a measure of peak power or -3db power bandwidth
and do not offer any information about bandwidth, other than the first resonance peak or average power
output over the bandwidth. The goal of this paper is to introduce a new figure of merit specifically suited for
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assessing the performance of multi-modal wideband VEHs.

First a comprehensive mapping of available multi-modal VEHs is shown in section 2. Then more traditional
FoMs are analyzed in the next section, subdivided in general metrics and ones specifically designed for wide-
band VEHs. In section 3, a new, more suited FoM is presented and, a variety of different multi-modal genera-
tors found in literature is subjected to this FoM in section 4 and shown in an overview. Lastly the discussion
is presented in section 5 and the conclusions are drawn in the last section.

Applications

Energy harvesting generators can be viewed as a very wide range of different techniques. However, in this
review we look solely at vibration energy harvesters using compliant mechanisms, because they are most
often used in practice. They are small in footprint and if used in the right environment can act as a very
robust power source.

VEHs are especially useful in remote or hazardous environments, where it is expensive or impossible to have
a connection to the power grid and dangerous or expensive to do maintenance (replacing the battery). In en-
vironments where the frequency of the ambient vibrations is known and does not fluctuate a lot, for instance
like train tracks or vibrations of a controlled industrial machine always operating at the same frequency, a
single-mode VEH operating at the resonance frequency is the best solution and offers the best power output
[25].

However, in environments where the ambient vibrations are somewhat unknown or constantly changing due
to a change in temperature for example a single-mode VEH will perform badly because the power output
drastically decreases as the input frequency deviates from the resonant frequency of the device. This can be
seen in figure 2.1. Due to the high quality factor of single-mode VEH the bandwidth is very small. A wideband
VEH is more suited on this case because it uses the power contents of the source excitation more efficiently.

= e e ibration source
— Single mode VEH [ 7
Multi-modal VEH

Fower [W)]

Frequency [Hz]

Figure 2.1: Power contents of an imaginary vibration source in black, with a made-up single-mode VEH characteristics in blue and
made up multi-modal VEH characteristics in red.

In the real world, vibration sources rarely consist of only one or two dominant frequencies with a small band-
width and without the presence of noise. Actual vibrations vary with varying parameters such as load case,
wear, temperature etc. In figure 2.1 the case of a car driving on suburban roads can be seen. The actual
vibrations depend on the speed of the car, the stretch of road the car is driving on, and the number of passen-
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gers and luggage aboard the car. Also shown in figure 2.1 are two different imaginary VEH, one single-mode
and one multi-modal. Both have their resonance peaks inside the high energy spectrum band of the vibra-
tion source. However, since the multi-modal VEH has three peaks of similar magnitude as the single-mode
version, its total power output is significantly higher over the total spectrum. Since the total spectrum is ad-
dressed during a ride, this yields a higher total energy and thus a more consistent power supply to the device
the VEH is powering. So in this particular case with a vibration source with significant power content over a
wide spectrum, a multi-modal VEH trumps the single-mode version.

Figure 2.2 shows a mapping of all the multi-modal VEHs based on compliant elements found in literature.
This review focuses on VEHs based on compliant elements because most of the work done features compliant
elements in some way. When directly comparing different generators with each other it is important that all
of them are based on the same principle to make a even comparison. First the three most important multi-
modal systems are explained in text, then a comprehensive overview of all available multi-modal systems
subdivided in a logical manner is shown.

2.1.1. Multi-modal classification

Multi-modal VEH
based on compliant
mechanisms

A le modes
in single body

Y

Principles

hybrid Modes close together
energy transducers due to geometry

)

{ parallel { series } [ series+parallel }

multiple
Examples prooimasees
on single

cantilever

Square formation

circular diaphragm

Figure 2.2: Comprehensive overview of multi-modal VEH. Also shown are examples of specific applications based on generators
found in literature.

¢ Hybrid energy harvesting [30]

To achieve a wideband energy harvesting system, a combination of transducers can be used. For ex-
ample both an electromechanical and a piezoelectric transducer can be implemented in the generator.
Since these transducers add damping and/or stiffness to the system, but have different characteristics,
they effectively tune the resonance frequency of the mechanism and can thus make the output power
more substantial in a wider bandwidth. [8],[19].

* Array of cantilevers [27]

In a VEH the goal is often to match the first natural frequency of the mechanism to the most dominant
frequency of the source vibration. The first eigenfrequency of a cantilever is dependent on the geometry
and material properties according to equation 2.1 and 2.2.

[ k
w=1\— (2.1)
m
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Where k is the stiffness and is governed by equation 2.2.

_ 3EI

k= 5 (2.2)

Here we can see the stiffness is dependant on both the material and the geometric properties.

To make a wideband VEH, an array of cantilevers of varying geometry can be used with increasing first
eigenfrequency. This is most easily achieved by increasing the length or the thickness of the cantilever,
since the length and thickness have a cubic term in the stiffness equation. If these resonance frequen-
cies are sufficiently close together, this ensures that within a certain bandwidth substantial power can
be drawn from the device. One more advantage of this system is that there are multiple proof masses
present. So the dynamics of one cantilever and proof mass combination do not influence the dynam-
ics of the other ones. A disadvantage of this type of system is that for a comparable volume and mass,
the separate proof masses are smaller and lighter than a counterpart with only one proof mass, which
means the maximum power output is also decreased.

 Exciting multiple DOF in single body with single proof mass, [12]

Naturally a cantilever with a proof mass has multiple DOE It has natural frequencies in all three major
axes and also rotational DOE Usually, the resonance frequency along the length axis is much lower than
the other eigenfrequencies due to the slenderness with which these elements are designed. However
it is possible to design the geometry parameters of an element in such a way that the eigenfrequencies
of two DOF are rather close together such that they can both be used in a VEH to expand its usable
bandwidth [12].

¢ Flexures in a combination of series and parallel

By far the most work done in research contains some form of combination between flexures both in
parallel and in series. A lot of creative designs can be made when these combinations are used, as
demonstrated by [11] and [29]. Usually these generators have only one proof mass, but due to their
geometry, different eigenmodes are excited at different frequencies. These usually involve a translating
and rotational mode.

The four principles listed above is what most work found in literature is based on. Figure 2.1 shows an
overview of all multi-modal VEHs found in published work. The types of generators shown in the overview
but not listed in the classification show close resemblance to the ones listed in the classification. Therefore,
it was decided to keep the classification as compact as possible.

2.2. Figures of merit for vibration energy harvesters

Judging performance in VEHs is not a trivial task. The most obvious metric would be the peak output power
since that is the purpose of the device. However, just mentioning peak output power does not cover all the
bases, even less so for multi-modal VEH. One of the goals of a FoM is to be able to directly compare two or
more different VEHs. In order to do this, more properties of the generator need to be taken into account.
Mass and volume first come to mind. Scaling the volume of a generator has a cubic effect on output power
and a heavier proof mass means more energy is put into the generator for a given excitation. Some relevant
figures of merit are discussed next.

The general FoMs like normalized power density (NPD) and Volume figure of merit (FoM,) are intended for
linear generators with one peak of resonance. However, some parts of these FoMs can be used for the FoM
introduced later, for that reason the relevant parts will be stated here.
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Figure 2.3: Two imaginary generators with the same volume and mass. The second generator is potentially capable of producing
more power due to a larger dimension in the moving direction.

Generator figure of merit

In [7], Blad proposed the generator figure of merit, which is a variation of the FoMy proposed by Mitcheson
[21]. The main difference between the FoMy and FoMg is that the 1% term in FoMy is replaced by VL, in
FoMg where L, is the dimension in driving direction. This term accounts for the fact that alonger dimension
in driving direction enables a higher efficiency. So this metric accounts for weight, volume and shape as well
as the input signal. Also the density of the proof mass which was previously stated in gold is now replaced by
the actual density of the material used, because while gold would be a preferred material for the proof mass
due to its high density, it makes more sense to use the density of the actual material of the proof mass since
gold is not always the most suited material for a variety of reasons.

p

n=FoMg=t+———
16 YopmVLz0®

(2.3)

Where Yy and w are the amplitude and frequency of the driving motion, respectively. V is the total volume of
the generator and L, is the driving motion, as can be seen in figure 2.3.

The previously mentioned figures of merit are all excellent ways to judge performance for VEHs in their own
right. However, all of them only offer insight for linear single-mode generators since they all look at peak
power output and disregard the number of resonance peaks, let alone any bandwidth widening effects that
come with it. To properly judge performance for a multi-modal VEH, these figures of merit are insufficient; for
that reason, a new figure of merit will be introduced in the next section specifically tailored for multi-modal
VEHs.

Wideband figures of merit

In the next section, two figures of merit are introduced specifically to assess wideband VEHs are mentioned
and analyzed. Since the new FoM introduced in this paper is also for wideband VEHs, some elements of these
FoMs are also used in the new one.

Bandwidth figure of merit

In [21], Mitcheson introduced a new figure of merit called Bandwidth figure of merit. For this FoM he took
the FoMy introduced by himself and added bandwidth information. For this he used the -1 dB bandwidth
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instead of the more widely used -3 dB bandwidth because it gives greater credit to generators with flatter
frequency responses.

6(,()1dB

FoMpw = FoMy x (2.4)

Where FoMy is the volume figure of merit, which is a figure of merit based on the mass, volume and also
amplitude of the excitation.

Systematic figure of merit with bandwidth information

In [18], Liu introduced the SFoMpgy found in equation 2.5.

A
SFoMpw = Egw (Tf) QmPesf (2.5)

Where Egy is the effectiveness redefined for wideband VEHs, Ach is the bandwidth normalized by the center

of the band, Q, is the quality factor of the mechanism and p.fr = % is the effective mass density, not only
that of the proof mass but of the whole generator.

For the effectiveness figure, Liu [18] has decided to use the average power over the region he is observing
instead of the peak power in that region.

SFoMpyw is the only figure of merit found in literature specifically made for wideband VEHs. It is an excellent
FoM for wideband VEHs but some some parameters are accounted for more than once, like mass and volume
are both in Egw and in p,r¢. And also the fact that the quality factor has a positive correlation to the FoM is
a peculiar choice because it has a direct effect on power output, which is already accounted for in Egyy .

2.3. Introducing new FoM for multi-modal VEH

For linear single-mode VEHSs, efficiency is a good metric, which also takes into account volume, mass and the
vibration source. For linear multi-modal VEH, bandwidth and average generator efficiency in that bandwidth
region is a better metric to gauge how much power can be drawn from a certain vibration source. Using these
elements a new figure of merit is proposed here, called the multi-modal figure of merit.

fu v
FoMyy = (i—f) x bndnx (T’ g) (2.6)

c §in Nmax

Where FoMg is the generator figure of merit introduced by Blad, [7]. % is the bandwidth where f; is the
center frequency and A f is the band of frequencies bounded by the half efficiency limit on both the lower and
upper bound of the efficiency-frequency curve as can be seen in figure 2.4. The integral of ¢4 is bounded
by the same bounds and is a measure of the average efficiency, and thus also average power output across

this region of interest.

Figure 2.4 gives a visual representation of some of the elements used in FoMj;j. The definition of the band-
width is given by %, where Af is defined by the two dotted lines which represent the half efficiency bound-
aries. Meanwhile the center frequency f; indicated by the dashed line is the average frequency between the
half-efficiency points. The efficiency is used instead of the power because it is a more inclusive metric than

power since it takes into account mass and volume specifications of the generator.

Next, the integral of the efficiency is defined in figure 2.4 as the shaded region. This integral sums up the
efficiency of the generator in the region of interest where a significant amount of power is generated. This
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Figure 2.4: Frequency-power plot of VEH by Toyabur [32] on the left y-axis, and frequency-efficiency plot on the right y-axis. The area
in blue represents the integral of the efficiency bounded by the -3 dB efficiency points. The vertical solid lines represents the average
efficiency over the bandwidth.

integral is a measure of the efficiency in this region and as can be seen it has a positive correlation to power
output in the region of interest. A higher value for the integral means a higher average efficiency and thus
more power output.

As a metric to assess the overall performance of the design of the VEH, FoMg is used since it takes into
account all of the relevant design parameters of the generator. Not only mass and volume, but also the shape
of this volume is addressed and thus FoMg gives a very clear idea of the efficiency of the generator.

The last term in FoM)), is the average efficiency normalized by the peak efficiency. If this term was not
present in the FoM a very big bandwidth would compensate for a very low average efficiency. So an almost flat
region of interest capped by two efficiency peaks would generate a high value for FoM)),. Introducing the
average efficiency in the figure of merit nullifies this effect and thus a high average efficiency with reasonably
high bandwidth.

The FoMyp provides a better measure for the performance of multi-modal VEH than the FoMs mentioned
in the previous section because it is the only one which contains a measure of how much energy the generator
is capable of putting out in a certain region of interest, encapsulated in [ g’;b 7 peak- This integral sums up the

efficiency of the generator in the region of interest. So the bigger the bandwidth and the higher the efficiency
the bigger this figure is.

2.4. Results

The FoM,y is specifically created to assess performance of multi-modal VEHs. To gain some insight as to
how this FoMjs relates to other wideband FoMs we apply some multi-modal VEHs found in literature to
the new FoMysps and other FoMs.

Since an extensive set of data, including a frequency-power curve is needed to deduce bandwidth, a rather
small set of papers qualify to perform this test on. However, a set of ten generators has been found to have
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Name Type Volume [mm3®] NPD [kgsm™3] FoM, FoMg SFoMpy FoMym[Hz]
Bai [4] 1 proof mass 11664 0.025 0.151 0.527 0.003199 0.067
Gong [10] 1 proof mass 7.7 % 10° 0.167 0.866 0.463 0.006272 0.010

Liu [16] 1 proof mass 35 6+107° 3x107° 7%107° 27%107%7  3.38%107°
Liu [17] 1 proof mass 32 1%1079 2%1077 6x1077 6.6%10710  452%x1077
Ramirez [24] 1 proof mass 11000 0.002 0.023 0.088 0.000084 0.003

Su [28] Array 11760 0.017 0.444 1.473 0.001502 0.580
Toyabur [31] 1 proof mass 27000 3%1077 6107 4%107° 42x107%®  1.73%107°
Upadrashta [33]  Array 12480 0.009 0.130 1.269 0.0016 0.001

Kim [12] 1 proof mass 88000 3%1076 9%107% 7x107% 1.70%107°7 7.81%1077
Xiao [37] Array 96040 0.973 2.295 3.962 0.134 0.479

Table 2.1: Basic design parameters and performance metrics for different multi-modal vibration energy harvesters found in litera-
ture.
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Figure 2.5

enough data to be able to fill in all the relevant figures of merit. In table 2.1 these generators and their relevant
parameters and their respective values to the FoM))s are shown.

Out of the data in table 2.1, the two wideband FoMs are most interesting to directly compare. To that end the
values for FoMsp; and sFoMy,, are normalized against their mean value and then their values are plotted
against each other for every generator. A selection is made for a number of generators which show a clear
division between ones that show a better relative value for FoM);); and ones that are better in sFoMj,,,, this
is plotted in figure 2.5a. Their respective frequency response functions are plotted in figure 2.5 to show the
clear difference between their behaviour.

2.5. Discussion

Not enough papers have been found supplying enough data to be able to make a real distinction between
different types of multi-modal VEHs. So nothing conclusive can be said about how different types of multi-
modal VEHs found in figure 2.2 relate to each other in terms of performance. However, a trend can be ob-
served between the different figures of merit the generators are tested against.

A wide spread in FoM)ys between different generators can be observed. It is not very evident which part
of the input parameters is mostly responsible for this. Diving into the numbers however shows that some
generators report really bad power output numbers compared to their counterparts. It should be noted that
the reporting of parameters like volume especially, is quite inconsistent. So for some of the data used in this
paper the volume figures are deducted from figures and tables. A reason for this is that some authors have
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different definitions of volume with relation to energy harvesters than other, for some it is the minimally used
volume by flexures and proof mass, others report the minimally enclosed cubic volume which is usually much
bigger.

Multi-modal VEH mapping

The mapping presented in this paper is designed to be all inclusive. The starting point is chosen to be vi-
bration energy harvesters which employ compliant mechanisms, flexures in most cases, in some way. The
reason for this starting point is that it makes for a fair starting ground since they all follow the same basic
principles. A generator which relies on electrostatics for its restoring force has different governing equations
and uses volume in a radically different way, so testing it against the same figures of merit would clearly be
advantageous to one or the other.

All the generators found in published research were looked at fundamentally in order to understand the kine-
matics. All of the different types of VEHs shown in the map have at least one example found in literature,
but some of them have much more. It is found that most examples can be found in the form of an array of
cantilevers, and a combination of series and parallel flexures. It is possible to make a further division in the
map after some of the types shown in the figure, especially for the combination of series and parallel a lot
of different architectures can be found. However it was found that they all fundamentally look alike and was
thus not needed.

Figures of merit

Most of the work done in figures of merit and benchmarking in VEHs is done for linear single-mode gener-
ators. The SFoMpy is the only figure of merit found in literature made specifically for wideband VEHs. In
contrast to single-mode FoMs, wideband FoMs are inherently less intuitive, since they need to accommodate
for more than one term and a balance between those terms must be found.

An effort was made to include the most relevant parameters into the new figure of merit. The FoM is not a
dimensionless metric with a limit of 100%. A side effect of this is that a enormous spread of values is possible,
since they don't need to be between one and zero. However, for the same reason it is therefore a great tool to
compare two generators together since the values between them can be orders of magnitude instead of just
a minuscule difference.

The parameter in FoMjsy; which set it apart from other wideband FoMs, is the use of the integral of effi-
ciency. The integral of efficiency is a measure of efficiency over the bandwidth, it seems comparable to using
average power, but it uses efficiency information instead of power and efficiency peaks and power peaks do
not necessarily overlap [7].

Future research

There is a substantial difference in the working principle of an array of resonaters and a generator where
multiple modes are excited in a single body. In an array the multiple proof masses can vibrate independently
due to their relative low mass compared to the mass of the vibration source. This means that the frequency
of the vibration source can switch between resonance frequency of the first mode and the resonance peak of
the second mode without disrupting the other proof masses. However, in a single proof mass multi-modal
VEH this is not the case, switching between resonance frequencies means the entire mechanism must switch
to the other frequency which itself takes time. If this frequency switching happens frequently, a substantial
part of the energy yield may be lost in a single proof mass device as opposed to a multiple proof mass device.
The extent to which this happens however is unclear and would be interesting to research.
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2.6. Conclusions

Although vibration energy harvesters have been a research topic for two decades already, the practical imple-
mentation is still lacking. This is in part due to the fact that although VEHs have been getting more efficient on
paper due to high quality factors and high resonance frequencies, this does not translate to high performance
in real-world applications. For that reason, wideband VEHs have been getting more attention in research. In
this paper a comprehensive overview of all available multi-modal VEHs based on compliant mechanisms is
shown so that the reader has a clear idea of the available work done in this field and how it relates to each
other. Also a new performance metric FoM)sys specifically developed to assess performance of wideband
multi-modal VEHs has been introduced. This new metric is then used to assess the performance of multi-
modal VEHs found in literature and it is shown that it does indeed favor generators with high bandwidth and
high efficiency across the region of interest over those with a small bandwidth and/or low efficiency. In short,
the new FoM)ps can be characterized by the following points:

Multi-modal Vibration energy harvester overview
e FoMjp Uses FoMg as an overall efficiency metric to deduce how good the design of the generator is.
¢ FoMysp Uses bandwidth information to include all resonance peaks.

e FoMjp Includes integral of efficiency over region of interest to objectively gauge how much power
output is possible in bandwidth.

Contributions

* Made a comprehensive overview of multi-modal vibration energy harvesters and mapped them in a
clear way.

* Developed a new figure of merit able to assess multi-modal vibration energy harvesters performance.






On the efficiency of coupled vs uncoupled
vibration energy harvesters under transient
excitations

In this chapter, the main body of the thesis research is presented. It contains an introduction into the subject
and research question of multi-modal vibration energy harvesting. The research methods are described fol-
lowed up by the experimental results and corresponding discussion and conclusions. The references used in
this paper are all grouped together with the references of the rest of the thesis, at the end of the thesis.
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On the efficiency of coupled vs uncoupled vibration
energy harvesters under transient excitations

M.W. Wouters, TW.A. Blad and J.W. Spronck

Abstract

Vibration energy harvesters are especially interesting to use in an environment where there is one dom-
inant vibration frequency present because then the harvesters can be designed to resonate at that spe-
cific frequency. To spread out the power yield over more frequencies a multi-modal harvester can be used
which can resonate at multiple frequencies. A vibration with more than one sine wave can be manifested
in a number of ways. The two frequencies can be present simultaneously, or they can alternate each other.
How the energy harvesters react to these different vibration inputs is researched in this paper. Two fun-
damentally different multi-modal energy harvesters are used here. One which can be described by a cou-
pled system of equations and one uncoupled. Two prototypes of an uncoupled and one coupled device
are made and tested on an electromagnetic shaker. The vibration signals are sent to the shaker and the
power output of the energy harvesters is measured using piezoelectric transducers mounted to the mech-
anisms. The results show that a phaseshift in the sine wave input signal generally results in a increase in
power, where a decrease was assumed beforehand. When switching the input vibration from the first to
the second eigenfrequency the power output does drop significantly, but the coupled mechanism has a
substantially higher power output than the uncoupled device. And when the mechanisms are excited by
a vibration with two eigenfrequencies at the same time no significant difference between the two can be
observed, nor does the power output drop significantly. While the comparison between these two mecha-
nisms is probably accurate, the quantitative conclusions must be taken with a grain of salt as it was noticed
in a later stage of the research that the vibration signals were not consistent over the entire time period. At
this point it is unclear if an overall better mechanism can be picked between the coupled and uncoupled
one. However, it is shown that both have their distinct advantages where they outperform their counter-
part, which can be used for designing a better energy harvester in future applications.

3.1. Introduction

Vibration energy harvesting is the act of scavenging energy present in ambient vibrations, and transducing
that energy into other forms, electricity being the most common. These ambient vibrations can be observed
in lots of different environments. Industrial processes like machinery operating at a certain frequency pro-
duce small amplitude, high frequency vibrations. Vibrations in the transport sector, like trains or trucks usu-
ally have a larger amplitude, but lower frequency vibrations [5]. Then there’s the human body, whose vibra-
tions can also be used for energy harvesting. This can be done in the form of human motion, for instance the
walking motion where the impact of each footstep can be used. Or inside the human body, where heart con-
tractions can be used to power an energy harvester. These stated examples all have wildly different values for
amplitude, frequency and consistency. Generally speaking, a VEH is designed for the specific environment
it is used for. They are most efficient at certain very specific conditions, and are very sensitive to changing
conditions which usually means their efficiency lowers dramatically when their operation conditions are not
met. This means that for every application the source vibrations must be thoroughly analyzed and a VEH
design must be chosen which is best suited for that specific application. VEHs generally consist of three parts
and can be approximated by a mass-spring-damper model. These three parts are: Proof mass, suspension
and transducer

The proof mass is a mass which stores the kinetic energy of the vibrations. It is the mass in the mass-spring-
damper model, so as it starts to move due to the ambient vibrations it builds up kinetic energy which will later
be converted into electrical energy. The suspension provides the restoring force for the proof mass. VEHs are
of alimited size, so the kinetic energy, which only requires motion is transformed into a vibration by means of
a suspension which acts as a spring in the mass-spring-damper model. In small scale devices this is usually
a flexure as coil springs are harder to manufacture in a small scale [26]. The third part of the VEH is the
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transducer, which is the damper in the mass-spring-damper model. This part converts the energy from the
kinetic to the electrical domain and also dampens the motion of the VEH. This can be achieved in a number
of ways, which all have their use cases in different systems. The three most used principles are: Piezo-electric,
electromagnetic and electrostatic. The model in this research uses a piezo-electric transducer which consists
of a piezo foil connected to electrodes. As strain is put into the foil when the cantilever vibrates, a voltage is
generated in the foil which can then be extracted using a rectifier and a battery.

Multi-modal vibration energy harvesting

For practical applications of vibration energy harvesting, multi-modal energy harvesters have a lot of poten-
tial because of their wideband power output. This means that the harvester is capable of generating signifi-
cant power in a wider band of frequencies. A multi-modal generator is a VEH which has multiple distinct res-
onance modes. This is most commonly achieved by combining certain elements of the mass-spring-damper
model in a way such that a coupled system of VEHs is created.

The VEH must be designed in a way such that power output is maximized. This means that the ambient
vibrations must be analysed, and the resonance modes of the generator must match these ambient vibra-
tions. However, even if the devices resonance modes are matched to the most prominent ambient vibration
frequencies the output power can still be lower than can be expected if the device is slow to react to the con-
stantly changing behaviour of the ambient vibrations. So the amount of times the source signal switches
between prominent frequencies, or if frequencies are present at the same time can all influence the VEH
power output.

A lot of research has already been done in varying forms of multi-modal vibration energy harvesting. Most
of this research focuses on designing a wideband harvester, capable of significant power output over a wide
range of frequencies. Su, Wu and Gong have designed in-plane cantilever harvesters using piezoelectric trans-
ducers [10],[28],[35]. Their research is based on maximising power output of their devices, but only looking
at the steady-state frequency response. There are some less straight-forward and elaborate designs as well.
Larkin [14] has designed a rotary hybrid harvester, and Leadenham [15] has used nonlinearity in a M-shaped
harvester in an effort to increase power output. What most of this work has in common is that the mecha-
nism characterisation is done using steady-state frequency response analysis, either experimentally or using
a simulation.

This paper mostly focuses on finding out what entails good transient behaviour in VEHs, and what elements
in a multi-modal VEH makes for good transient behaviour. This research can then be used to give recommen-
dations such that in the future more efficient multi-modal VEHs can be designed for real world applications.
In theory multi-modal VEHs have a clear benefit in that they can give a substantial power output over mul-
tiple frequencies, which would increase the power output in real world applications with multiple dominant
frequencies. However there is a discrepancy between testing a VEH in a lab under controlled circumstances,
and applying a VEH in an environment with real-world vibrations. The presumption is that this discrepancy
can be partly explained by the fact that real-world vibrations with multiple dominant frequencies constantly
change between these frequencies and VEHs are not putting out maximum power instantly when they are
excited by a resonance frequency. It is instead assumed that a vibrating mechanism always takes a number of
cycles to reach its full amplitude, which in the case of vibration energy harvesters means that transient phases
in ambient vibrations cause a temporary drop in power output.The research objective is stated as follows:

In what manner do different types of multi-modal vibration energy harvesters react to transient behaviour in
vibrations and to what extent does it reduce efficiency.

In the next section the methods used in this research are described, which contain the models and input
vibrations used in this paper. The experimental setup is also shown in this section. After that the results of
the experiments are shown in section 3. Following that is the discussion, where the results are analyzed and
conclusions and recommendations for further research are shown.
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3.2. Methods

As mentioned in the introduction, this research focuses on the difference between coupled and uncoupled
multi-modal cantilever systems when excited with a vibration which has different types of transitions in it.
To do this, first a model is made in Matlab. The model is made by deriving the equations of motion for both
systems and by then deriving the relevant parameters for mass, stiffness and damping using commonly used
equations. For the coupled system this means a set of two second order ODE'’s are composed. To solve this
system using an ODE solver in Matlab the set needs to be rewritten to a set of four first order ODE’s. So the
set of second order equations which are also the equations of motion of the coupled system:

my X1 = c2 (k2 — X1) + k2 (x2 — x1) + ¢1 (%o — X1) + k1 (X0 — x1) (3.1

mp 3y = ko(x1 — x2) + co (X1 — X2) (3.2)

The masses m; and my are comprised of both the mass of the proof mass, and the effective mass of the
cantilever, which is equal to % times the total mass of the cantilever [13]. The stiffnesses k; and k, are
derived using linear beam theory and are checked using a precision force-deflection setup. The damping
coefficients are only measured using the physical models and are derived using the logarithmic decrement
method where the decay of the device is measured in free vibration, this method uses the amplitude of two
consecutive peaks to determine the damping ratio ¢ which can then be used to calculate the damping coeffi-
cient. In these equations xy represents the fixed world, which is also the driving force since no actual force is
imposed but a displacement in the form of a vibration. These imposed input vibrations are stated in equation
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Figure 3.1: Schematic overview of the two prototypes used in this paper. The mechanism on the left hand side features two mass-spring-
dampers fixed to the same world, hereafter called the uncoupled mechanism. The right hand side features two mass-spring-dampers
stacked on top of each other, hereafter called the coupled mechanism. The input vibration is transmitted through the fixed world.

The uncoupled system of cantilevers is more straightforward to model since there is no interaction between
both cantilevers, so it can be modeled using these two separate equations.

my X = c1(Xo — X1) + k1 (xo — x1) (3.3)

my X = ¢z (%o — X1) + k2 (xo — x1) 3.4

Using the system parameters stated in table 3.1 the resonance frequencies of both the coupled and uncoupled
mechanism are located at around 16 and 22 Hertz. The resonance frequencies are matched deliberately so
that the same input vibrations can be used for both of them. the mode shapes of both models are shown in
figure 3.2 and 3.3.
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(a) First mode, 16 Hertz (b) Second mode, 22 Hertz

Figure 3.2: First and second mode of the coupled mechanism. Mode analysis done in Comsol

(a) First mode, 16 Hertz (b) Second mode, 22 Hertz

Figure 3.3: First and second mode of the uncoupled mechanism. Mode analysis done in Comsol

The goal of research is to more accurately predict real-world performance, by testing the system behaviour
under controlled conditions which mimic real-world vibration phenomena. In order to be able to make gen-
eralized conclusions using this research no real-world vibration signals are used, but some phenomenons
one might find in practice are put into separate vibration signals. To guarantee the system is in steady-state
prior to the disturbance in the signal the first 15 seconds of the signal are steady to let the system settle into
its resonance mode. Then the disturbance takes place and then another 15 seconds so that the system can
settle once again.

Experimental setup & measurements

To perform the measurements a setup is constructed. A schematic overview of this setup can be seen in
figure 3.5. In this overview the laser sensor is shown, but the piezo foil transducer works in a similar manner.
The setup essentially consists of two separate parts; a vibration output setup, and a vibration measurement
setup. The vibration output is done using a vibration shaker which is controlled by a power amplifier and a
NI DAQ device which holds a NI 9263 voltage output module, and a NI 9215 voltage input module for sensor
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(b) Dimensions of coupled mechanism. With the base at (1) and two
(a) Dimensions of uncoupled mechanism. With the base at (1) and proof masses at (2) and (3).
two proof masses at (2) and (3).

Figure 3.4: Dimensions of both models, 0.5 mm thick 301 stainless steel is used in both models.
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modelspecs m[g] k[N/mm] c[-]

uncoupled

long 1.62 112.5 0.0053
short 1.37 113.8 0.009
coupled

outer 1.26 177.4 0.0257
inner 096 338.1 0.0618

Table 3.1: Experimentally derived model specifications of both the coupled and uncoupled mechanism.

measurement.

Figure 3.5: Schematic overview of experimental setup. Where the computer (1) is connected to the data acquisition module (2), which
has an input and an output module. The output module is connected to the power amplifier (3), whose output is fed to the shaker
(4). The laser distance sensors (5) are connected to the input module of the DAQ (2), which is then fed back into the computer (1).

The vibration measurement is done using two different methods. In first instance laser distance sensors
were used, pointed at the ends of the cantilevers. since all resonances of the mechanisms are first order, the
endpoint deflections are representative for overall strain in the cantilever elements. In all measurements,
both endpoint deflections were measured, as well as base vibration. Since the shaker has limited power and
stiffness, there is certain distortion between the output signal and the actual vibration profile transmitted by
the shaker. Also, the base connecting the shaker to the mechanisms has limited stiffness so there is an overall
transfer function between the designed vibration signal and the vibration that is fed into the mechanism. In
figure 3.7a and 3.7b the output signal, and measured signal at the base of the VEH mount is compared. In
figure 3.7a the uncoupled VEH is mounted, so it shows how the shaker can still put out the required signal
with acceptable sharpness with the full weight of mount and mechanism attached.
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Figure 3.6: Coupled mechanism mounted on shaker. The parts indicated by (1),(2) and (3) on the cantilevers are the piezofoil trans-
ducers. Each piezo foil element has two insulated copper wires running to the NI DAQ module. One of these wires is connected to
the bottom electrode attached to the cantilever. And the other one is clamped on top of the piezo foil, the top electrode.
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Figure 3.7
Measurement procedure

The vibration signals used in the measurements are the following, they are also visualized in figure 3.8a to
3.8c:

y() =Y1sin(w8) + Yosin(wy t)

(3.5)
Yisin(wt) forO<t<1lt

(= 1‘(1) : 3l (3.6)
Yasin(wat) forst<t<iy
Yisin(wit) forO<t< %tt

Yy =<0 forit;<t<ii+p (3.7)

Visin(w t+p) forin+p<t<p

In equation 3.5 two separate sine signals are added together with two different amplitudes and frequencies.
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Figure 3.8: The vibration signals sent out to the shaker

In equation 3.6 two signals with different amplitude and frequency are alternated, so first only the first signal
is present which then changes into the other one with different frequency. In equation 3.7 the signal starts
with a normal sine wave, then at ¢ = %tt a phaseshift is introduced. In practice this means that the signal
is zero, until the desired phaseshift has been achieved and then the same sine wave is excited again. In the
phaseshift signal, § varies between 30 and 180 degrees, which represents the degrees of phaseshift achieved.

A mechanism with finite, non-zero mass and stiffness always has a certain transfer function between input
and output vibrations. If the mechanism has multiple modes and if these modes are coupled, there can be
a substantial difference between the different vibration inputs portrayed in figures 3.8a to 3.8c. The reason
why looking at the dynamic behaviour of these mechanisms excited by transient vibrations is interesting
is because it has a big influence on power output in real-world applications. It is also assumed there is a
substantial difference in transient behaviour between VEHs with different layouts as shown in figure 3.4.
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Figure 3.9: Ramp-up time of outer cantilever of coupled mechanism. t; = 1.4 indicates the start time where the shaker starts vibrat-
ing. t = 2.8 indicates the point where the cantilever has reached its maximum amplitude.

In all the vibration signals used in this research ¢; is 30 seconds, which means that the system has 15 seconds
to reach a steady-state vibration from its rest position, and then the input signal changes at % t; as described
in equation 3.5 to 3.7. After the change at ¢ = 155 the system has another 15 seconds to reach steady-state
before the input vibration is terminated. As can be seen in figure 3.9, the coupled mechanism takes about 1.4
seconds to reach a steady-state vibration mode from a rest position, which equals to roughly 22 vibrations

using a 16 Hertz vibration input. However, this period can be considerably longer if the input vibration is
actively counteracting the free vibration of the mechanism.
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3.3. Results

As stated in the previous section the vibration measurement was done using two different techniques; using
laser distance sensors, and using piezo foil as a transducer on the mechanism itself. The results are reported
using the data generated from using the piezo foil as that is also the premier choice for practical applications.
By using the piezo foil we also include any dynamic effects the added mass and stiffness may have on the
mechanism. Also, especially in the coupled mechanism the translation between end point deflection and
cantilever strain is not entirely trivial. Other than end point deflection also end point rotation must be taken
into account since the two cantilevers are coupled. Only using end point deflection measurement, rotation
is impossible to gauge so using piezo foil is the most straightforward and inclusive solution.

Since the long cantilever is in resonance in the chosen phaseshift signal, that is the one which has the slowest
transient since it has more kinetic energy built up in the leafsprings.

Also for the sake of improving power output, it makes sense to focus on the resonance mode, since the power
output of the cantilever in resonance is roughly 20 times higher than the non-resonance cantilever. This can
be seen in figure 3.10a and 3.10b. So here we look primarily to the long cantilever, but also a comparison
between the different behaviour of the short cantilever will be observed.
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(a) Power output of first mode of coupled and uncoupled mecha-
nism under phaseshift excitation, compared to steady-state output
of both devices.
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nism under phaseshift excitation.

Figure 3.10

150% T T T

I un coupled
-coupled

100%

50%

0%

steady state Alt. sine Sim. sine

Figure 3.11: Combined power output of both modes of coupled and uncoupled device under alternating and simultaneous sine exci-
tation.
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Figure 3.10a and 3.10b contain the power output figures of both the coupled and uncoupled mechanism for
all phaseshift vibration signals as described in the methods section. Figure 3.11 shows the power output
figures of both mechanisms for the simultaneous and alternating input vibration signal combined. The first
set of bars in all result figures correspond to the steady-state power output of both mechanisms and is 100%
by definition. This means that the output of the device when excited by all the different phaseshift input
signals is compared to this steady-state power output value. The phaseshift result figure 3.10a applies to the
first mode at 16 Hz and the figure on the right 3.10b applies to the second mode, at 22 Hz. As can be seen in
figure 3.2 to 3.3 this means that the figures on the left hand side apply to the outer cantilevers in the coupled
mechanism, and the long cantilever in the uncoupled mechanism.
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(a) Coupled mechanism, alternating sine input. (b) Uncoupled mechanism, alternating sine input.

Figure 3.12

Figure 3.12a and 3.12b compare the responses of the coupled mechanism and the uncoupled mechanism un-
der an alternating sine excitation. The red lines indicate the region which is considered the transient region,
where the power output is disturbed due to the switch in frequency in the input vibration and it is reaching
a steady-state again. In figure 3.12b we see a certain wave-like phenomena in the response of the uncoupled
system. The power output does not reach a steady-state value but keeps bouncing around between an upper
and lower limit. The same can not be observed in figure 3.12a.
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Figure 3.13: Timeseries plot of the coupled mechanism with a 90°phaseshift excitation at around 17.8 seconds. The orange lines
indicate the outer cantilever which is in resonance mode. As we can see the output voltage of the outer cantilever almost immediately
goes up after the phaseshift phenomena.
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3.4. Discussion

To gauge how well the mechanisms react to the different phaseshift vibration inputs, we look primarily to
the resonance mode since the power output is around 20 times higher than the non resonance mode in both
mechanisms. So even though the power output increase or decrease might be higher percentage wise in the
non resonance mode, when looking at pure power difference it falls behind when compared to the resonance
mode. The hypothesis stated earlier in this paper said that a drop in power was expected when basically
any sort of transient phenomenon is introduced in the vibration signal. This makes sense, because a can-
tilever has its highest amplitude at its natural frequency. And due to the relatively high quality factor of these
designs, reaching the maximum amplitude can take a considerable amount of vibration periods. So disturb-
ing the steady-state vibration would logically temporarily lower the power output, which would then take a
reasonable number of vibration periods to reach its previous maximum amplitude state again. For that rea-
son some of the results stated in the previous section come as a surprise. Especially in the graph showing
the various degrees of phaseshift we can see an overall increase of power output, only falling below 100% of
steady state output when the phaseshift reaches 120° and up. When looking at the timeseries in figure 3.13,
we can see that at the exact time the phaseshift is excited on the shaker, the power output goes down very
momentarily before it comes up again and reaches a level higher than the steady-state value. This temporary
higher state of power output lasts for a longer time than the lower state power output right after the phase-
shift, so overall the the power output over the entire transient period is higher than the average steady-state
power output. Unfortunately this seems to be due to a mistake made in the vibration signal instead of a real
repeatable phenomenon. More on this in the next subsection What went wrong.

The results show that the uncoupled mechanism reacts better to the phaseshift input as its power output is
higher than the corresponding coupled mechanism power output in all phaseshift variations. This is true
for both the first and second mode. This is somewhat expected since there is no interference between the
two cantilevers in the uncoupled mechanism. Which means that, for equal total dimensions, there is less
kinetic energy stored in the long cantilever of the uncoupled mechanism as compared to the first mode of the
coupled mechanism where the entire mechanism is in resonance because the mode shape consists of both
the inner and outer cantilevers as can be seen in figure 3.2a. This also means that more kinetic energy needs to
be 'disturbed’ in the coupled mechanism as compared to the uncoupled mechanism. The same phenomenon
can be observed in the remaining two vibration inputs. the uncoupled mechanism outperforms the coupled
mechanism in both the alternating sine and simultaneous sine vibration. Again, the uncoupled mechanism
is performing better than the steady-state value during these transient periods. The expectation is that this is
due to the same phenomena described in subsection What went wrong.

What went wrong

The main outcome of this research is the comparison between an uncoupled versus a coupled mechanism
when excited by several special input vibrations. A very unexpected outcome of this experimental study
is the increase in output power of both mechanisms when a phaseshift is transmitted through the shaker.
Logically, this makes no sense as effectively the shaker is disrupting the resonance mode of the mechanisms,
which should lower its power output as the resonance mode is the highest possible power output imaginable.
The main culprit proved to be the vibration signal itself. After a transition phenomenon, like a phaseshift
or a switch in frequency, the signal amplitude proved to vary quite significantly. This variation in vibration
amplitude, caused the amplitude of the cantilevers of the mechanism to spike in amplitude, which increased
the power output. The fact that the base and mechanism themselves have significant mass as compared to
the shaker, caused one of the main assumptions when comparing reality to experimental setup to not be
satisfied. Namely that the dynamics of the VEH mechanism do not influence the dynamics of the shaker.
Such an assumption can only be made when the mass of the VEH mechanism is negligible compared to the
shaker, or when the shaker is actively controlled. Both of which do not apply in this case. So because the
amplitude of the shaker vibration is not controlled, but instead only the output voltage is regulated without
feedback, there is a substantial variance in shaker vibration amplitude when the mounted mechanism exerts
a force on the shaker. This effect can be seen in figure 3.14. The arrow in figure 3.14 indicates the moment
the phaseshift is excited. Afterwards, the amplitude of the base vibration immediately goes up by around
25% before it eventually settles down again at the pre-phaseshift amplitude. However, that takes a coupled
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of seconds, which means that the uncontrolled shaker is an inadequate source of vibration signal and is also
influencing the dynamics of the mechanism in the meantime.
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Figure 3.14: Movement of base with 180°phaseshift vibration input with the uncoupled mechanism mounted. The phaseshift can be
seen at around 17 seconds, and subsequently the amplitude of the vibration is changing as a result of the disruption of the effective
mass of the mechanism.

Further research

The goal of this research was to show that real-world performance might differ from standard lab test per-
formance when only sine sweeps or constant sine waves are used. An effort is made to replicate real-world
vibrations by using some specific phenomena one might find in practice. However, as stated before it turned
out that the vibration signal used were not of sufficiently high quality that any meaningful conclusions about
the in- or decrease of power output can be made. A logical follow up on this research would then be to add
active control to the vibration setup so that the vibration signal remains constant, not influenced by the dy-
namics of the harvester mechanism.

Also, it remains unclear how these systems would react to vibrations which are a combination of the signals
we used in this research or if the signals themselves are not clean sine waves but slightly asymmetric or an-
other special form. Another follow up on this research would thus be to continue to research these devices
on real-world vibration signals to see if there is any considerable difference between the results found here in
this research and real-world vibrations.

Conclusions

In this work we have found differences in the power output of coupled versus uncoupled mechanisms when
excited by between coupled and uncoupled mechanisms in vibration energy harvesting. The uncoupled
mechanism outperforms the coupled mechanism in all tested situations. At 30°phaseshift the power out-
put difference is 9% and it continually grows up to 58% when the phaseshift is 180°. This seems to be due
to the fact that in the coupled mechanism both cantilevers are a part of both modeshapes. To change these
modeshapes means changing the ratios in which these cantilevers participate in the modeshape which un-
derstandably takes longer than for a separate cantilever to change to a bigger amplitude. Furthermore, the
performance difference becomes more pronounced as the amount of phaseshift becomes larger.

When excited with two simultaneous sine waves, the uncoupled device outperforms the coupled device by
55%. The uncoupled device in the transient region even outperforms its steady-state value slightly, by 4%.
However, that value is inflated due to a non-constant excitation amplitude. When excited by an alternating
sine wave, the uncoupled device outperforms the coupled device by 115%. In our test the power output of
the uncoupled device was 142.9% of the steady-state value, compared to 66.2% of the coupled device. Again,
the absolute values should be taken with a grain of salt but the comparison between the two does hold.

Generally speaking we can not make any certain statements regarding the validity of these conclusions. The
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claim that the power output of these devices rises when excited by a disturbance, is doubtful and most likely
due to the lack of active control on the vibration signal. The between device comparison is more likely to be
correct, but a follow-up on this should be done to make any definitive conclusions.






Reflections, conclusions and
recommendations

This chapter reflects on the entire graduation project, including literature study and thesis research. The
research activities are presented, both the successful ones which made it into this thesis and the unsuccessful
ones which were abandoned due to various reasons explained in this chapter. Some general conclusions and
recommendations for future research are also presented here.
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4.1. Research activities

Over the course of this project a number of different research activities were undertaken. The following
overview is shown to give the reader a clearer view of the order of which the different activities follow up
on each other, if the thesis itself has not done so.

‘ Vibration energy harvesting ‘
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Figure 4.1: Overview of research activities over the full course of the thesis project.

4.2, Conclusions

Here some conclusions are shown regarding the project itself, not so much about the work done in the project
as those are stated in chapter 3. The statements here can be seen as more personal conclusions and takeaways
from the author.

The main takeaway, which has costed a lot of time in this project, is to always keep a short line between theo-
retical modeling and verifying that theoretical work. The verification can be either done by another analytical
method, or by experimental validation. Because the time frame between doing the Simulink analysis and the
experimental validation in the lab was so long, most of the time spend composing and writing simulation
results was discarded because in the end it proved to be very unreliable. Of course Covid-19 was the main
reason a direct experimental validation was difficult to achieve, but other methods could have been explored.

Another important learning point was that it is very easy to spend too much time dwelling on choices made,
when it is clear in an early stage a bit of backtracking is needed to continue in a new line of research. For
example the experimental setup initially only included laser-distance sensors, when it was very clear more
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information was needed to be able to make conclusions about the dynamic behaviour of the systems. Still, it
took a considerable amount of time before the piezo-electric transducer possibility was seriously considered.

In the same line a lot of time was spend writing detailed elaborate pieces of text only for it to be scrapped
because the scope of the project changed considerably, or the results proved to be faulty. In future projects
the preliminary results will be written down briefly, and then expanded upon when the scope and direction
of the project is fully set.

Finally a list of practical recommendations for future work.

¢ At (almost) every step of the experimental validation process the consequences of a choice you make
should be clear. Make basic steps for which it is still possible to track down the consequence.

¢ At high-frequency vibration, absolute stiffness does not exist. Make sure the parts which should be
stiff” are adequately so.

¢ When sourcing equipment, think ahead and contact external people/resources as early as possible to
avoid unnecessary delays.

* When trying to eliminate noise from your experimental data, sometimes it is not most effective to try
to think rationally. In the end grounding every piece of equipment separately has worked. At this point
it is still unclear where the excessive levels of noise in the signal originated from.
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Model generation

In order to make a coupled and an uncoupled system with the same dynamic characteristics the resonance
frequencies of the coupled mechanism must match the one of the uncoupled mechanism. In this Appendix
the general equation of motion for a mass-spring-damper system is introduced, and then the system matrices
of the different models are used to solve the equations of motion.

The general form of the equation of motion for a mass-spring-damper system can be derived by examining
the sum of forces on the system. The assumption in these equation is that the system can be approximated
by a lumped mass model, which means the mass of the spring and damper are negligible compared to the
total mass of the system.

Y F=—kx—cXx+ Fexternal = m& (A.1)

Where F are the forces acting on the system, k is the stiffness of the spring, c is the damping and m is the mass.
This standard equation can be rearranged and some ratios can be introduced which lead to the following
equation:

5é=2(§wnx+wix= u (A.2)

Where w,, = 1 /%; (=3 mcwn and u =L external  Here w, is the natural frequency and ¢ is the damping ratio.

Equation A.1 and A.2 are valid for one degree of freedom mass-spring-damper systems but can easily be
extended to include multiple degree of freedom systems by replacing the scalars; k, c and m for matrices. The
square matrices are then the same dimension as the number of degrees of freedom present in the system.

Effective mass & Effective stiffness

For the analytical model the lumped mass model is used to represent the two different VEH systems. However,
the mass of the cantilever beam is in the same order of magnitude as the mass of the proof mass so it is not
negligible in this model. For that reason the effective mass of the mechanism including the cantilever beam
must be calculated. A mass of 23 [13] times the total mass of the cantilever can be added to the proof mass

140
to account for the distributed mass of the cantilever itself.

Using this value for mass of the cantilever and using the values for stiffness and damping as measured on the
real mechanism yields a
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Uncoupled mechanism

Placing the resonance frequencies of the uncoupled mechanism at the positions we are interested is relatively
straightforward. The mechanism is assumed to be approximated by a lumped mass model. So that means
the mass of the flexures themselves are small with relation to the masses of the proof masses as can be seen
in chapter 3. If the lumped mass model assumption is correct the resonance frequencies of the uncoupled
model can be approximated by linear beam theory. Linear beam theory holds if the displacements are rel-
atively small and the cantilevers themselves act as linear springs, which is true if they are slender enough.
equation A.3 gives the natural frequency of a mass spring system with stiffness k and mass m.

1 [k
=5\ (A3)

Where in the instance of a cantilever beam the stiffness is governed by equation A.4.

_ 3EI

k-—'i?r (A.4)

This means that if we are making a mechanism with two uncoupled cantilevers out of the same sheet of metal,
the only two parameters we can vary are the mass at the end of the cantilever and the length of the beam.

In practical applications volume or mass restrictions may be of concern so then it is convenient that both
those parameters can be varied to reach the same goal. In our case the goal is to make a device with two dis-
tinct resonance frequencies and to improve the dynamic performance of the experimental setup the weight
is reduced to a certain degree. For that reason a mechanism with a long and a short cantilever is designed
as can be seen in figure A.1. According to equation A.4 the stiffness is proportional to the length cubed. So
an increase in length of 17% accounts for a decrease in stiffness of 60%. Since the resonance frequency is a
function of the square root off the stiffness the resonance frequency shift from increasing the length by 17%
is 26%. These relations have been used to design an uncoupled cantilever mechanism with two resonance
frequencies located at 16 Hz and 22 Hz.

100,00

17,00

85,00

Figure A.1: Drawing of uncoupled mechanism.
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Coupled mechanism

The design of the coupled mechanism is a bit more involved since the two cantilevers affect each other when
vibrating so the equations governing the resonance frequencies are coupled. The theory behind these equa-
tions is found in [36]. They used a method where the stiffness and mass matrices are composed using para-
metric elements. And then those parametric matrices are used to derive an expression for the resonance
frequencies.

M1 O 1 0
R R
The stiffness matrix of the coupled mechanism is also derived by Wu et al.
6EI 2-60+6p%+2p° 3p-2
[K] [ pv6h p p ] (A.6)

T BRI 36-2 2

Here, the symbol a denotes the proof mass ratio of the mechanism M2/M1. And f denotes the ratio of the
effective length of the cantilevers in the mechanism, L.2/L1.

Then the massmatrix and stiffnessmatrix can be used to solve the eigenvalue problem to obtain the two res-
onance frequencies.

AwH12  4/[a0%36+36%+ )+ 12— aBp%+4p7)

(A.7)
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Figure A.2: Drawing of coupled mechanism.

System matrices

The system characteristics of the physical model were measured as accurately as possible so that the Mat-
lab model can be build according to the real world specifications. In this way, any differences between the
physcial properties derived from theoretical equations and the physical model will be eliminated. differences
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between real stiffness and theoretical stiffness based on linear beam theory can occur because of lineariza-
tion effects when the amplitude of the deformation gets relatively high. Also there are slight differences in
stiffness based on geometry which linear beam theory can not account for. For instance the slots made at the
end of the cantilevers made for slight alterations of the location of the proof masses detract a bit of stiffness
from the overall cantilever.

Uncoupled system

for the uncoupled system the system matrices are relatively straightforward since there is no coupling be-
tween the two separate cantilevers.

M2



Setup specifications

The practical equipment conducted in this research are done in a controlled lab environment using the
equipment and protocols listed below.

¢ Connect NI DAQ device to laptopl using USB cable.

¢ Plug in NI DAQ device to power.

¢ Turn on amplifier and keyence laser sensors.

* Mount VEH mechanism on shaker using M8 bolt.

* Boot Matlab and Matlab analog input recorder.

¢ Select relevant channels in analog input recorder to log laser sensor output.
e Start Matlab script to output vibration signal to shaker.

e Start analog input recorder recording.

» Save keyence laser sensor data.
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B. Setup specifications

Equipment Specification Unit
Frequency range 10-20.000 Hz
Shaker B & K type 4809 Max acceleration 75g
Max displacement 8 mm
Measurement resolution 16 bit
Impedance 200 kOhm
NIDAQ Sample rate 100 kS/s/ch
Measurement range +10V
Sampling rate opzoeken
Keyence laser sensor Measurement range + 10 mm
Spot diameter 25
Voltage range -10Vto 10V
NI simultaneous analog input 9215 Number of bits 16 Bits
Max sampling rate 100 Ks/s
Voltage range -10Vto 10V
Number of bits 16 Bits
NToutput module 9263 Max sampling rate 100 Ks/s
Max current drive 1 mA
Thickness 110 um

Piezo sheet TE connectivity

Mechano-electrical conversion

14
400 4%




Results

Some results in its raw format are shown here to give the reader an idea of how the different mechanisms
react to the vibration inputs. The images on the left hand side feature the full length experiment data, where
the blue and orange colors indicate the location data of the two different cantilevers of the two models. The
two dark red vertical lines indicate which part of the timeseries is used for the power output analysis, which
is indicated in the figures on the right hand side. The figures on the right hand side feature the same data but
are zoomed in.
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A waveform can be observed in the voltage response of the uncoupled mechanisms in all figures. The same
phenomenon can not be observed in the coupled mechanism responses. The expectation is that this is
caused by the limited virtual stiffness of the stage. So the dynamics of the mounted mechanism influence
the dynamics of the shaker, which causes the mechanism to not reach a true steady-state vibration mode but
instead it keeps fluctuating. This makes if quite difficult to calculate the mean power output over a limited
timeframe since also the constantly changing amplitude has to be taken into account.






Simulation

In the early stages of this research an effort was made to accurately simulate the dynamic behaviour of the
two different mechanisms. The advantage of making such a simulation is that it is more straightforward to
research dynamic behaviour over a wide array of different system parameters such as mass or dimensions.
Only using an experimental model this process would be quite expensive and time consuming. Two different
methods were attempted to build a functioning model, mimicking the physical model.

D.1. Simulink

The first attempt was building a model in Simulink. SimScape building blocks were used to model the hard-
ware. This environment was chosen because it closely resembles building a physical model, using the dif-
ferent parts as building blocks and constraining the interaction between these parts using links. Another
advantage using this environment is that it is very easy to experiment with small changes in the model with-
out having to recalculate the governing equations of the system. The building blocks allow the user to pass
the relevant parameters, like dimensions and damping coefficient.

In the next two pages the Simulink block schemes are shown. The general structure for the coupled mecha-
nism is as follows: There is a sliding joint between the fixed world and the first cantilever. The sliding joint
constraints five DOFs only allowing one DOF which represents the input vibration. The cantilevers are build
using "Flexible rectangular beam’ blocks, which allow the user to input mechanical properties like dimen-
sions, stiffness, damping and number of elements the beam consists of. There is a 'Mass’ block rigidly con-
nected to the cantilever. The user can input dimensions and inertia to this block. Then the second cantilever
is connected to the mass block using a rigid transform and the second proof mass is connected to the second
cantilever. To get usable data out of the model a transform sensor is fitted to both the first and second proof
mass blocks, and both the rotation and translation boxes are checked. This allows the relevant data to be
saved.

The model for the uncoupled mechanism is a bit different. The first part looks a lot like the coupled mech-
anism but two flexible beam blocks are connected to the first sliding joint which in turn is connected to the
fixed world. The two flexible beam blocks have different parameters for their dimensions. Simulink also
provides a graphical interface in the Matlab environment which look like figures D.1a and D.1b.
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(a) Graphical interface of Simulink model of coupled mechanism. (b) Graphical interface of Simulink model of uncoupled mechanism.

Figure D.1

A peculiar effect of this model is even though the frequency response plots of the coupled models seem to
match between one another, when excited by a increasing frequency sweep and when doing a bode analysis.
Indicating the dynamic response of the model seems to match the physical model, there is a very pronounced
difference between the response when excited with a test signal as used in the main thesis body. This can be
seen in figure
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(a) Bode plot of coupled mechanism, generated through Simulink model. (b) Dynamic frequency response of coupled mechanism, generated

with frequency sweep in Simulink model.

Figure D.2

When comparing the dynamic response of the physical coupled mechanism to the coupled mechanism
model in Simulink, the difference is evident. There is a stark difference between the two responses as can be
seen in figure D.3a and D.3b. The damping of of another order of magnitude which makes any comparison
between the two impossible. It turned out the type of damping which was chosen for the Simulink model, a
proportional damping, was not adequate to describe the damping characteristic of a flexible cantilever beam.
In the end it was decided not to continue this line of research using the Simulink model as the model would
need to be build from the ground up again costing too much time. This also means that no parametric study
into the model parameters is done as the has not reached a level of fidelity needed to be able to get reliable
readings.
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